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Abstract
Imperfections are inherent in every manufactured part - when the hundreds of sheet
metal components that form the automotive Body In White (BIW) are assembled
together, significant deformation and variability are possible. Although early work
by Takazawa (1980) showed that compliant components can absorb individual
component variability when assembled, interactions between the components and
successive operations complicates analysis of the assembly process and prediction
of the assembled output. Therefore, improving vehicle dimensional quality requires
more detailed knowledge of the assembly process and control of features critical to
functionality and aesthetic appeal. In the automotive industry, these features
include: uneven gaps and flushness between panels, high closure forces, and
incorrect seal gaps leading to leaks and excessive noise. Despite significant research
in the field of compliant assembly, there have not been sufficiently detailed studies
regarding the joining sequence process. Further, existing works are based on a
number of assumptions that limits the applicability of their results.
This thesis addresses this gap by utilising the joining process sequence to control
deformations and minimise dimensional variation during the assembly of complex
non-ideal compliant components. In this work, a geometry class to represent
complex compliant assemblies is presented; the interactions of process sequences
and variations examined; the criteria for robust sequence selection established; and
a method for the rapid identification of robust sequences is developed.
In addressing the aim of this research a number of key findings were developed.
A broad method of classifying the input variation of the components is presented.
Using this basis, identifying when the joining process has a significant influence on
final assembly dimensionality can be established. The pre-existing guidelines of
fixed-to-free end were then further generalised for complex geometries, resulting in
iv
vthe approach of most-to-least rigid configuration, noting the importance of prior
joining operations and the fixture boundary conditions. In determining the
potential impact of the joining sequence, the need to consider the build-up of
internal stresses while modelling the assembly process is highlighted. A novel
method, which analyses the natural frequency shift of the structure between
successive joins, is presented as a technique of calculating a robust joining sequence.
This technique requires no knowledge of the part deformations, only the
component geometry, fixture configuration and weld locations, and hence is more
practical to industry. Experimental studies to validate the simulation-based work
were then performed. Although sequence-based trends are identifiable in some of
the extracted data patterns, the twist induced in the experimental structure was less
significant when compared to the simulated results. This difference is a result of a
number of factors which are then postulated and analysed. Further investigation of
this effect would be beneficial to further validate the approach.
To build on the work in this thesis, two notable directions in addition to further
industrial validation have been identified. By assessing the functional impact of
variation patterns in measurement data, functional variation sequence synthesis
could be investigated; where the goal is to select a sequence that best controls these
critical functional variations. Evolvable assembly systems that utilise the input work
and holding forces to optimise the sequence operations and minimise potential
spring-back of the component can also be considered. This strategy would negate
the need for the additional measurement step for process feedback which currently
hampers existing adaptive techniques.
With between four and six thousand joins performed per vehicle, an estimated
300 billion joining operations are performed annually worldwide. With minimal
knowledge available to industry regarding the impact of the joining process
sequence, the results from this work have the potential to significantly improve
quality in the automotive market.
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Chapter 1
Introduction
The quality of a product can be measured in a number of ways, the most important
being how it compares to the customer’s perceptions. Improving measures deemed
to be important to the aesthetics and functionality of a product will improve
customer perceptions of brand quality. This leads to increased sales and improved
brand reputation. This link is particularly evident in the automotive market, where
a reputation for poor quality vehicles can take decades to reverse and a brand’s
reputation for quality can take years to develop.
A customer’s perception of a high quality product is influenced by the product’s
ability to reliably perform to the customer’s expectations. As expectations increase,
a demand is placed on manufacturers to improve product quality. In the automotive
industry, some of the physical characteristics of a vehicle on which a customer builds
their perception of quality are: uneven gaps and flushness between panels, high
closure forces, and incorrect seal gaps leading to leaks and excessive vehicle interior
noise.
Improving product quality requires more detailed knowledge of the assembly
process and control of features critical to product functionality and aesthetic appeal.
As greater product quality is achieved, warranty costs will be reduced and customers’
perceptions of the brand’s quality will increase; leading to quicker production set up
due to decreased testing iterations and increased sales.
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1.1 Background
The dimensional quality of a vehicle is the predominant factor affecting functionality
and aesthetics in the automotive market. Examples include: the flushness and gap
between panels; the sealing ability and general fit of closure assemblies; and the
effort required for opening and closing of these closure assemblies - all of which are
related to dimensional quality. Improving product quality therefore requires detailed
knowledge of the mechanics involved during assembly. Imperfections are inherent in
every manufactured part and when these imperfect parts are combined together to
create a more complex assembly, the dimensionality of the assembly will inherently
be a function of the individual components’ initial imperfections. Consequently, for
the assembly to function as intended, certain dimensional restrictions must be in
place not only on the assembly, but also on its constituents.
The relationship between a part and the final assembly dimensionality is the area
of tolerance design. Acceptable dimensional restrictions for the deviations of a part
from nominal are specified as tolerances; these allow manufacturers to work within
a range of the targeted dimension. Traditionally, the process of tolerance analysis is
applied to determine the final assembly level variation. This is often a cyclic process
where part design, manufacturing operation and tolerance specifications are revised
until the final assembly achieves its requirements - which can prove to be a costly
exercise. Alternatively, part tolerances can be estimated based on the desired final
assembly tolerance, a process know as tolerance synthesis or allocation.
Traditionally, the quality of assemblies is improved by increasing the accuracy
and precision of the individual components - a philosophy known as net build
(Hammett et al., 1998). Variations and deviations stack together, and the final
assembly dimensionality can be determined. However, all of the commonly applied
techniques (see Section 2.1) are based on the assumptions of rigid body assembly,
normal distributions and linearity. When analysing compliant bodies, such as sheet
metal used to create an automobile body, by making the assumption of a rigid body,
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these well known tolerance analysis models fail because they do not represent the
appropriate assembly mechanics.
1.2 Problem Statement
Sheet metal does not follow the traditional rigid body assembly laws, and to study
this, a variety of approaches have been developed to understand the mechanics of
assembly. Unfortunately, many of these are resource intensive or lack the ability to
adequately represent the assembly mechanics observed in certain situations. An
example of this is the degree of non-linearity present when studying clamp and
joining process sequencing. If this behaviour is not captured appropriately, then the
sequence appears to have either no influence or the results will be significantly
different in practice. When a detailed study investigating variational effects is
combined with sequence based assembly process design, it can often be unrealistic
to execute the large number of simulations or assembly trials required to adequately
understand the mechanics of that particular component’s assembly.
While to date focus has been been given to modelling the behaviour observed
during assembly, comparatively little attention has been given to the effect different
assembly joining sequences have on the assembly. Early work suggested that, as a
general rule, weld sequence should be performed from the weakest-to-strongest
area of the assembly (Liu and Hu, 1995b). However, other works suggested a
fixed-to-free end methodology; that would minimise internal stress buildup and, as
a consequence, was shown to reduce variation. Such statements are useful in a
production situation as they can enable more informed decisions to be made about
process sequencing. However, in some production situations these guideline, along
with other common industry practices, has not always been successful in reducing
variation - as presented by Wärmefjord et al. (2010c).
The impact on the final output variation is not only a function of the assembly
operations - such as clamp and weld sequence - but also incoming component
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variations. Matuszyk et al. (2007) showed this for a slender top hat assembly
involving clamp sequencing. Furthermore, each shape variation was shown to
require a different ideal sequence, but it was possible to find a generic robust
solution. As mentioned, not all assembly guidelines have been successful in
minimising dimensional variation. This can be attributed to varying input
variations being undesirable with the sequences chosen, or the possibility that
certain variations cannot be controlled by joining sequence operations. This allows a
contrast to be made between the best sequence and the most robust sequence,
where the sequence the reduces variability the greatest for a particular input
variation, may perform poorly for another. Thus, a robust solution would be
preferable when no production variability information is available.
An understanding of the compliant assembly process is critical in developing
methods that seek to optimise the process. While researchers have focused on
developing models to represent the assembly process, to date comparatively little
focus has been given to understanding the generalised influence that different
operations have on compliant assemblies. Where studies have examined this, the
work has considered simplified lower dimensional situations that are not
representative of practical applications. Moreover, a unique possibility exists by
using the joining sequence to control variability because it can be freely altered in
existing production assemblies at minimal cost, even after vehicle launch. This work
addresses this opportunity using a combination of higher and lower dimensional
geometry cases to determine the requirements of joining sequence operations to
control variability.
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1.3 Research question and objectives
1.3.1 Research question
As discussed in Sections 1.2 and 2.1.1, compliant bodies do not follow the
traditional rigid body assembly rules. Variations in the components propagate in a
non-linear manner as a consequence of geometric deformation and contact
conditions in manufacturing operations. As a result, there is an industry-wide need
for more detailed knowledge about the assembly of compliant bodies. This need is
addressed by the key research question of this work:
How can joining process sequencing be applied effectively to control
deformations and minimise dimensional variation during assembly of complex
non-ideal compliant components?
1.3.2 Objectives of this research
In addressing the aim, this work will focus on the analysis of different types of
incoming variability and the resulting impact on outgoing variability under realistic
processing conditions for use in practical applications. As such, it will centre on a
complex generalised assembly, rather than a specific case study or lower
dimensional representation. However, a case study will be utilised for topological
context, and a lower dimensional situation used to develop a deeper understanding
of the influencing factors in join sequencing. This research will address the aim by
focusing on the following four objectives:
Objective 1. Develop a geometry class to represent complex compliant assemblies.
The first component of this work simplifies an industrial case to develop an idealised
situation of the assembly process for further investigation. This involves interpreting
the geometry and then investigating the observed variability in the process based
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on a production situation. This objective addresses the area of the research question
relating to the complex non-ideal compliant assembly.
Objective 2. Demonstrate the interactions of process sequences and variations.
A significant component of this work is devoted to demonstrating the resulting
impact of the interactions between the incoming component variations, clamp
sequence, and joining process sequence on outgoing variation. To achieve this, the
simplified representative assembly from Objective 1 is used, and combined with
both computational simulation and experimental techniques for determining the
structure’s response. This forms the foundation of this thesis, and is used to answer
a number of sub-questions to the key research question, specifically:
1. When can weld sequence be used to control variation?
2. What is the impact of clamp sequencing on joining sequencing?
Objective 3. Determine the criteria for optimal sequence selection.
This objective involves determining the input conditions for an optimal joining
sequence. The assumptions used to model the analysis process are also considered
within the scope of this objective. A number of sequences can be defined as optimal;
however, for the purposes of this objective the three following research questions
are posed:
1. What is a robust sequence for minimising output variation given any input
dimensional variation pattern?
2. What is the influence of structural design on optimal sequence selection?
3. What is the significance of internal stress build-up to the analysis process?
Objective 4. Develop a method for the rapid identification of robust sequences.
The fourth objective of this work is to formalise the knowledge developed regarding
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robust sequence selection. This knowledge will be formalised in a procedural or
mathematical approach in order to develop an algorithm to determine a suitable
joining process sequence; henceforth allowing for faster setup and less guess work
where more complicated assemblies are concerned.
1.4 Structure of this thesis
To address the four objectives, this thesis is separated into seven proceeding chapters,
followed by the conclusions of this work. The structure is detailed in Figure 1.1.
Interpret process as observed in an industrial context and idealise
the geometrical situation for further analysis.
Create and validate a model of the assembly sequence process.
Investigate input variations and their interactions with process
variables.
Investigate a simplified model for sequence analysis, and
determine the requirements for optimal sequence selection.
Develop and demonstrate a sequence synthesis method for the
rapid identification of robust sequences.
Figure 1.1: The structure of this thesis, including the four objectives and the chapters
in which they are addressed.
Firstly, a literature review is presented (Chapter 2) that provides an in-depth
view of the process of sheet metal assembly, and its place within the fields of both
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compliant assembly and assembly in general. The methodology of this thesis then
follows (Chapter 3), which presents the methodological approaches used, and
includes the development of the idealised representative structure used throughout
the remainder of this work. This is then followed by an industrial context chapter
(Chapter 4), which aids in highlighting the applicability of the topology of the
structure developed in the methodology and specific limitations with existing
knowledge when confronted with a complex industrial application.
The next four chapters (Chapters 5, 6, 7 and 8) are devoted to the studies
performed on the idealised structure and the development of a generalised
algorithm. This can be separated into two areas: developing an understanding of
the process and its impact on variability; and developing an understanding of the
modelling assumptions and their impact on variability estimates for sequence
synthesis. Chapters 5 and 8 detail both computer-based simulations to study the
sequence dependence during assembly, and experimental-based trials for validation
of variation reduction through robust sequence selection. A study of the sequence
analysis process and modelling assumptions is provided in Chapter 6 by utilising a
simplified beam model with a variety of geometric forms. This is then followed by a
chapter that presents an algorithm for sequence synthesis (Chapter 7). Chapter 9
then presents a broader high level discussion on the application and place of this
work in the automotive and wider industries. The final chapter (Chapter 10)
presents the conclusions of this work and recommendations for future
developments.
Chapter 2
Literature Review
This chapter presents a detailed review of the research involved in sheet metal
assembly, which, more broadly, is within the field of compliant body assembly. The
chapter begins with an overview of methods for tolerance analysis based on a rigid
body assumption (Section 2.1). Included here is an example application of possible
variation reduction observed in compliant assemblies to exemplify the shortcomings
of the discussed rigid body models. The next section (Section 2.2) presents a
detailed description of the assembly process and develops much of the terminology
used within this work. Specific attention is paid to common practices in industry.
This is then followed by a section on root cause diagnosis of variation (Section 2.3);
an area that formed the basis for much of the early research into sheet metal
assembly. Following this, a review of modelling techniques used to replicate the
assembly process is provided in Section 2.4. Since these models then form the basis
for studying variability within the assembly process, Section 2.5 reviews the
opportunities to minimise and control variability. Lastly, the chapter provides a
review of the work related to measurement and classification of variations and its
place within the design-to-manufacture process (Section 2.6). This highlights the
current issues and limitations of previously developed techniques to identify key
areas for investigation.
9
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2.1 Background
The most common tolerance analysis techniques are the Worst Case (WC) and Root
Sum of Squares (RSS) (Chase and Parkinson, 1991). In the Worst Case model,
maximum variations are summed to produce the possible assembly variation. This
model guarantees assembly dimensional quality, but places tighter tolerances on the
part dimensions than are often required; therefore leading to an increase in
manufacturing costs. The RSS approach attempts to alleviate this issue by
considering a statistical model, where the part variations are assumed to be
normally distributed. The potential variation of two individual components of
length L1 and L2 when placed together can be estimated statistically, by applying
the law of propagation of uncertainties, expressed by Equation 2.1.
∆y =
√√√√ n∑
i=1
(
∂y
∂xi
)2
∆xi2 (2.1)
Where the function y = f (x1, x2, . . . , xn), in this case the function y can be
expressed as L = l1 + l2 representing the summation, or stacking of two components
of lengths l1 and l2. By applying the law of propagation of uncertainties the
variation in L can be expressed by Equation 2.2.
∆L =
√
∆l12 + ∆l22 (2.2)
This model allows for larger tolerance zones, which results in lower production
costs. However, it can also underestimate the required tolerance if skewness,
kurtosis, different input distributions, and/or mean shifts are present in the
measured data. Modified versions of the RSS model have been developed to take
into consideration some of these shortcomings and to allow for skewed inputs and
mean shifts. In higher dimensional situations, these techniques are based on vector
chains, either open or closed loop. These chains contain links that pass between the
joining locations of successive components in multiple dimensions to determine the
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final assembly variation.
2.1.1 Principals of compliant assembly
Takazawa’s (1980) research illustrated that flexible or compliant components, such
as sheet metal panels, do not follow the traditional rigid body assembly rules, and
that part variations could be absorbed through the assembly process. This ability to
absorb variations is based on a relationship between the joined and unjoined stiffness
of the parts.
The geometric stiffness is an important aspect in minimising dimensional
variability in compliant assemblies. The change in stiffness pre- to post- joining has
the ability to dictate the degree of spring-back when a deformed component is
released. This aspect of compliant assembly is not new; Hu and Koren (1997)
highlighted the relationship that exists between stiffness and variation during
multistage assembly. They showed that propagation of variation was closely
dependent on the type of assembly, either serial or parallel. For serial component
assembly, the resulting assembly became less rigid and consequently an increase in
variation was observed. For parallel assembly, such as closure assemblies, a
reduction in variation was observed due to the increase in stiffness of the whole. To
illustrate the relationship between structural stiffness and variability, an example of
a twisted component is provided(Figure 2.1).
(a) (b) (c)
Figure 2.1: Twisted component example, (a) before clamping, (b) after clamping and
joining and (c) after final release. Colour scale highlighting the displacement from
the nominal position.
In the simplest assembly operation, the component is clamped to a nominal
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position, joined and released. Here, a thin wall Square Hollow Section (SHS),
represented by Figure 2.1 is used. The section requires a moment applied to it for it
to lie flat. This moment can be determined based on elementary mechanics, where
the moment per unit angular deflection can be represented by Equation 2.3.
T
θ
=
JG
L
(2.3)
Here, J is the torsional moment of inertia, G the shear modulus and L the length
of the beam. The process of joining the beams together along the open edge, alters
the torsional moment of inertia of the beam. Before joining, the torsional moment
of inertia for the beam can be calculated using Equation 2.4; by taking the sum of
the polar moment of inertia for each side of a square hollow section, as no shear
flow circuit exists over the beam’s cross section. After joining, the torsional moment
of inertia can be estimated by Equation 2.5, a known torsional property for SHS
members.
Jopen = Σ
dt3
3
=
4(d− t)t3
3
(2.4)
JClosed = t(d− t)3 (2.5)
Where, for a rectangular section with equal sides, d is the width and height of
the rectangle and t is the material thickness. By determining the load applied to
the beam initially based on a level of deflection, then applying the opposite of this
load to the joined structure, the final assembly deformation can be determined using
Equation 2.6.
θout =
4t2
3(d− t)2 θin (2.6)
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By applying this to a 40mm SHS with a 1mm wall (Equation 2.7)
θout = 8.77× 10−4θin (2.7)
The variance of Equation 2.7 can then be determined by applying the law of
propagation of uncertainties presented in Equation 2.1. This results in the expected
variation presented in Equation 2.8.
σ2out = (8.77× 10−4)2σ2in (2.8)
Given 10 degrees of twist variation prior to assembly, the equation can be completed
as shown in Equation 2.9.
σout =
√
(8.77× 10−4)2 × 102 = 8.7× 10−3deg (2.9)
As has been shown using the example of torsion in open and closed sections, by
joining the profile a significant increase in the geometric torsional stiffness occurs.
Since this increase causes a corresponding reduction in variation, it is this principle
that forms the basis for studying variation control in complex assemblies, such as
closure panels, where significant stiffness changes can occur.
2.1.2 Summary
The complete assembly process of compliant components, in this instance sheet
metal, can be considered as a step-based process involving incremental increases of
stiffness - such as the increase observed in the example. As each joining operation,
such as a spot weld or self piercing rivet, is performed, the compliant component is
pulled to a nominal location by the joining tool, then it is joined and released. When
released the component will return to a different location that will depend on the
stiffness of the components and the component geometry prior to the execution of
that join. However, the sequence of each prior step will also impact the geometry,
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with each prior operation repeatedly clamping and releasing the assembly from and
to different locations. Additionally, each prior operation also results in internal
stresses in the components which may have an impact on the complete process,
particularly when the final assembly is released from the tooling elements (fixture)
used to locate the component for each of these sequenced joining operations. This
complete process is described in further detail in Section 2.2.
2.2 The Sheet Metal Assembly Process
The sheet metal assembly process is a complex series of operations that differs from
the traditional rigid body assembly processes. The compliant nature of the
components leads to assembly process interactions influencing the final assembly
output. These interactions make the assembly process difficult to model, sensitive to
process variables and problems, and make faults more difficult to diagnose. Given
these complexities, a wide variety of modelling and analysis approaches have been
used to understand the sheet metal assembly process. Previous research has applied
control theory, pattern recognition and artificial intelligence algorithms to
investigate these problems, and to attempt to reduce variations in production.
An automobile body, otherwise known as a Body In White (BIW), is constructed
from hundreds of individual components that are assembled together. To achieve the
end result, a large number of assembly operations are performed that build smaller
assemblies, or sub-assemblies, before they are combined to form larger assemblies,
and eventually the complete BIW. This process may be repeated many times, where
smaller sub-assemblies have other components added on; building on the assembly.
The most basic element of this larger chain of processes is a single assembly
process. Chang and Gossard (1997) represented the assembly of sheet metal
components by a four stage process, the Place, Clamp, Fasten and Release (PCFR)
cycle (Figure 2.2). Components are placed on an assembly station, aligned using
control pins and rests on control surfaces. The clamps are then applied, pushing the
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components onto the control surfaces. The fastening procedure is then performed;
this is commonly performed by spot welding, although self piercing rivets are also
used. Finally, the components are un-clamped from the assembly station.
Figure 2.2: The Place, Clamp, Fasten and Release cycle (Chang and Gossard, 1997)
To locate a component onto the assembly station, control strategies are used to
restrain the component’s available degrees of freedom. Translations and rotations
about each axis for a rigid component are restricted by a 3-2-1 locating system
(Figure 2.3). The locating strategy defines the number of points of contact in each
plane, where three points of contact are used in the primary datum plane, followed
by two in the secondary and one in the tertiary (Krulikowski, 2007). For compliant
bodies, Cai et al. (1996) showed that a N-2-1 locating strategy is effective in reducing
dimensional variability from external loading during the assembly of compliant
bodies. In this strategy, additional locating surfaces are used in the primary plane to
constrain the flexibility of the component and bring it to the desired position. The
secondary and tertiary planes are typically constrained using a locating pin with a
hole and a slot respectively.
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Figure 2.3: The 3-2-1 locating strategy. Clamps and pins are indicated by Ci and Pi
respectively. In this example, the pins also coincide with the location of two of the
locating surfaces. (Ceglarek and Shi, 1999)
The combination of control surfaces and pin tooling elements used to support a
workpiece are assembled into a supporting framework. These supporting
frameworks will be referred to as assembly fixtures. These assembly fixtures form
part of the assembly station, which also consists of the joining equipment and
appropriate safety equipment. The clamps that are used to hold the components
onto the control surfaces are most commonly pneumatically operated to aid the
automation of the assembly process.
The joining operation is then performed. The most common type of join is a
Resistive Spot Weld (RSW); however, self-piercing rivets are growing in use,
particularly when joining materials which are dissimilar or hard to join. For
resistive spot welding the methods of tip actuation and control can also vary. The
most common types are the positional and compensating tip control methods,
although servomechanism controlled tips are becoming increasingly popular. For
positional tip control, one weld tip is moved into position before the other is
clamped down onto it. Compensating weld tips close simultaneously and utilise
pneumatics as a force balance. Servomechanism controlled tips utilise force sensors
that can control the force exerted by the tips to control the position and clamping
force. The primary benefit of a servomechanism is the improved control of the force
exerted during welding, which is critical to the integrity of a RSW (Zhang et al.,
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2000).
Measurement of the assembly can be described by a similar technique, known
as the Place, Clamp, Measure and Release (PCMR) (Ceglarek and Shi, 1999) cycle.
In this cycle the components undergo a similar process, but are measured rather
than joined. In both the PCFR and PCMR process cycles, significant interactions and
deformations can occur to the component.
Due to the complexity of the sheet metal assembly process, any deviations of the
component from their target, or nominal, values become difficult to incorporate into
a tolerance analysis method. This affects the entire design-to-manufacture process,
and, as such, identifying the source of any variability within these deviations is
a critical concern. This can be visualised graphically by considering the potential
sources of variation using a fish-bone diagram, as shown in Figure 2.4. Due to the
need to understand the causes of variations in the assembly process, early work in
the area of sheet metal assembly focused on root cause diagnosis.
Figure 2.4: Fish-bone diagram illustrating potential root causes of variation that feed
into the assembly process (Hu et al., 2001) 1
1Note that PCWR is used here to represent the PCFR cycle, where W refers to weld instead of F for
fasten.
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2.3 Root cause diagnosis of variability
Determining the sources of variations is critical to quality improvement. Early work
showed that 72 percent of assembly variations in the sheet metal assembly process are
a result of faults in assembly fixtures (Ceglarek and Shi, 1995). To diagnose a fault,
a fault configuration is matched to an observed variation. In sheet metal assembly,
fault diagnosis is commonly considered as a simple linear mapping exercise; also
known as a parity relation (Venkatasubramanian et al., 2003), and is represented by
Equation 2.10.
x = D · v +ω (2.10)
Where x = [x1, x2, . . . , xn]T is a random sample of n measurements; v =
[v1, v2, . . . , vp]T is a vector representing the contribution of each fault;
D = [d1, d2, . . . , dp], is an n x p constant matrix, that represents the faults in the data;
and ω is the uncorrelated noise. D, referred to as the diagnostic matrix is comprised
of a set of p diagnostic vectors of length n. To diagnose faults, the diagnostic matrix
must first be determined. This can be achieved by using process information
(model-based) or through historical data (data-driven). Apley and Shi (2001)
presented a methodology that used factor analysis to estimate the diagnostic matrix
based on measurement data. Data-driven models have been proven to be useful to
identify variation sources (Apley and Lee, 2003); however, they suffer from pattern
interpretation in terms of the real physical process (Kong et al., 2008) and a lack of
historical data prevents their use in the early stages of production (Rong et al., 2000).
When a complete set of all faults is known, model-based pattern recognition
algorithms can be applied. Ceglarek and Shi (1996) used this approach in
identifying single fixture faults. Based on the fixture design, a set of diagnostic
vectors corresponding to each rigid body motion was formulated, as shown in
Figure 2.5.
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Figure 2.5: Fault manifestation of variation pattern for a 3-2-1 layout fixture (Ceglarek
and Shi, 1999).
The measurement data were mapped onto the reduced data space generated by
performing Principal Component Analysis (PCA)2 on the diagnostic matrix. Fault
matches were then determined using a minimum distance classifier. However, in
cases where excessive measurement noise is present, the fault is unknown or a new
variation pattern is observed from multiple faults, a misdiagnosis can be made.
Ceglarek and Shi (1999) presented an extension of this approach to incorporate
uncorrelated noise. Later, Ding et al. (2002) extended the application of PCA to
identify faults in a multi-stage process using a state-space model. This work
identified that it is not always possible to achieve complete diagnosis using PCA
due to the potential similarities between diagnostic vectors in multi-stage processes.
A more detailed pattern recognition algorithm, based on PCA, that is capable of
dealing with multiple faults, has also been proposed for a single station (Li and
Zhou, 2006) but has not been successfully translated to the multi-stage process.
Model-based methods that utilise direct estimation techniques allow for reduced
diagnostic sets to be used and predict faults using probability estimates. Rong et al.
(2000) combined diagnostic information obtained from the inverse stiffness matrix
of a beam model and PCA to identify the eigen-value/vector combinations from
measurement data. Hypothesis testing was then successfully applied to test the
plausibility of single faults given the diagnostic information. Kong et al. (2008)
presented a methodology for multiple fault diagnosis in a multi-station assembly
process by combining a state-space model with orthogonal diagonalisation analysis,
a method based on PCA. However, the variation patterns identified using PCA are
2See Section 3.5.1 for a detailed description.
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estimated as strictly orthogonal eigenvectors, whereas fixture faults can result in
non-orthogonal vectors. In addition, multiple variation patterns can be
compounded into one eigenvector representing maximum variation (Camelio and
Hu, 2004). As a result, PCA is capable of diagnosing a single fault but can be
insufficient for multiple fault diagnosis (Liu and Hu, 2005).
To address multiple fault diagnosis, Apley and Shi (1998) developed a method
using a least squares estimate. This approach was shown to be successful in
diagnosing multiple faults in an assembly fixture using a 3-2-1 locating strategy.
However, the ability for the technique to diagnose multiple faults depends on the
independence of the fault patterns. Noting this issue with the ability to diagnose,
Rong et al. (2001) developed an adjusted least squares approach which improved the
algorithm’s accuracy of diagnosis.
Liu and Hu (2005) presented another approach to address multiple fault
diagnosis when fault patterns may be close to co-linear. The technique uses
Designated Component Analysis (DCA), which has proved successful in diagnosing
multiple faults in both a 3-2-1 (Liu and Hu, 2005) and a N-2-1 (Camelio and Hu,
2004) locating strategy. The technique allows the fault pattern vectors to be selected
based on process knowledge. These designated patterns then need to form an
orthogonal set. Consequently, the set of patterns is then orthonormalised to convert
it to an orthogonal normalised basis (Lay, 2005). Unlike PCA, the components for
DCA do not need to be orthonormal and independent from the outset. For PCA an
orthogonal set is formed as a result of extracting the variation patterns. DCA has
proven more successful in diagnosing multiple fault patterns that are close to
co-linear than the least squares approach (Camelio and Hu, 2004). The approach
also allows greater physical significance of the patterns as they are dictated a priori.
DCA can be considered as a special case of the least squares algorithm where the
diagnostic vectors form an orthogonal set.
When multiple faults across multiple stations occur, root cause diagnosis
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becomes significantly more difficult due to the potential co-linearity of the
diagnostic vectors. Ceglarek and Prakash (2011) developed the enhanced piecewise
least squares approach for diagnosis in these situations. The technique applies QR
factorisation3 as a method of orthonormalising the potentially ill-conditioned
inverse stiffness matrix used as the diagnostic vectors, according to Stream of
Variation Analysis. The method proved successful in diagnosis for both a single and
a two fault case which were tested.
Previous research has also considered sensor placement for effective diagnosis of
faults. To determine the placement of the sensors, a complete diagnostic set of all
the fixture failures is required (Khan et al., 1999). Using a 3-2-1 locating strategy,
Khan et al. (1999) developed a constrained optimisation procedure in which the
objective was to maximise the distance between each dominant eigen-vector. A
diagnosability index was also developed to compare different sensor locating
positions and their ability to diagnose faults. The same technique was then
extended to locating sensors for single fault diagnosis in a multi-stage process
(Khan et al., 1998). Sensor positioning to identify multiple fixture faults in a N-2-1
locating strategy was studied by Camelio et al. (2005). The effective independence
method was applied to locate the sensors based on the diagnostic matrix assembled
from each single fixture fault. This method maximised the independence between
each of the sensors and showed the least squares estimate to be effective in
diagnosing multiple faults for the single assembly station.
Distributing sensor positions across the manufacturing process was also
considered by Khan and Ceglarek (2000) and was shown to improve the ability to
diagnose faults when compared to end of line measurements. More recently, Shukla
et al. (2013) developed an approach to distributed sensor placement with the specific
aim of feature based measurement across multiple stations. In this instance, the
features were key characteristics that were defined from Geometric Dimensioning &
Tolerancing (GD&T) information.
3See Appendix D
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As noted, these models are based on a simple linear relationship between fault
pattern and measurement. This approach is acceptable for identifying the root cause
of fixture faults due to linearity; but does not have the ability to diagnose more
complex relationships. To address this, Loose et al. (2008) presented a new fault
model that incorporates relational information between measurements for diagnosis
of possible root causes. This model is shown in Equation 2.11,
x = F(D · v) +ω (2.11)
Where F represents a vector of functions that relate measurements together.
With this formulation both linear and non-linear faults, such as relative distances,
can be incorporated. The methodology was presented for single fault identification
and the robustness was tested. This model was a significant development to fault
diagnosis in compliant assemblies and the concept of functional build, where
relational information between features is critical for correct functionality of a
product.
An alternative approach to fixture failure identification, utilises a control chart
to isolate the occurrence of fixture faults (Wärmefjord and Carlson, 2012). Most
importantly, Wärmefjord and Carlson’s 2012 method allowed the cause of variation
to be attributed to either assembly variations or from component variations; a crucial
aspect for the supply chain management of the product (Wärmefjord and Carlson,
2012).
The ability to diagnose faults depends on the quality of the measurement data.
Sensor placement techniques have been applied to address this issue and proved
successful in fixture fault diagnosis when combined with correlated pattern
identification and recognition techniques. Further work in sensor placement is
required for the development of diagnosis algorithms for non-linear faults, where
feature relationships are of importance. While early detection of faults can lead to
better control of variability in manufacturing processes, it can become difficult to
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isolate the cause when multiple variations exists or if an unknown variation occurs.
Consequently, developing a detailed understanding of the propagation of variations
in the assembly process is required. The following section provides a review of
these techniques for both single and multiple station assembly.
2.4 Modelling of the Compliant Body Assembly Process
An understanding of the assembly process can be achieved through physical
testing, but this is time intensive and high cost. As an alternative, efforts to model
the assembly process using simplified mechanistic models (Liu and Hu, 1997b) and
contact based finite element methods (Xie et al., 2007) have been made.
Due to the differences between rigid and compliant body assembly processes,
Liu et al. (1996) presented an approach which utilised linear mechanics for tolerance
analysis in compliant assemblies. Based on Hooke’s Law, the work looked at the
influence of stiffness on assembly order. Serial and parallel component assembly
sequences were studied and a statistically significant difference in the mean and
standard deviation of output assemblies was shown. Although presented on a beam
element formulation, these principles can be extended to higher order elements.
Moreover, the presented model validated the ability of non-conforming components
to be assembled into a conforming assembly; a similar work was presented by
Ceglarek and Shi (1997). Developing on these same principles, Shiu et al. (1997)
represented a complete vehicle structure using beam elements to analyse variation
propagation. The model incorporates characteristics of both the design and process,
including component assembly sequence, joint design, component variation, and
component locating variation. This approach allows for a better understanding of
tolerance analysis in compliant assemblies, in particular the influence of the
assembly processes. The effect of spot weld nuggets and the corresponding shear
effect in the beam element representation of sheet metal assembly was studied by
Liu and Hu (1995a), who presented an offset beam model to analyse variation
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propagation with greater accuracy. The beam based models are effective in
analysing variation propagation, particularly in early design phases when complete
models may not be available, but are more limited when complete models are
available as the structure must first be represented by this estimation. Furthermore,
it is not possible to incorporate contact and other non-linearities into the
representation.
These initial works formed the basis of mechanistic modelling of compliant
assembly. When a complete finite element model is available, these principles can
be used to analyse the influence of geometric variations and process interactions to
understand an assembly’s geometric response. However, since a large number of
potential cases exist, it is still too computationally expensive to solve each finite
element model case using a Monte Carlo (MC) approach. Noting this, Liu and Hu
(1997b) presented the Method of Influence Coefficients (MIC) to study assembly
variation. The model utilises detailed design data to predict assembly variation by
using finite element simulations to establish a linear relationship between
component and assembly deviations. This mapping is based on a sensitivity matrix
that relates assembly stiffness to component stiffness, as shown in Equation 2.12.
{Uw} = [Kw]−1[Ku]{Vu} = [Swu]{Vu} (2.12)
This allows for a large number of possible input variations to be studied once
the appropriate sensitivity matrix has been established. This process typically
requires two Finite Element Analysis (FEA) simulations to determine each case. The
number of cases simulated is typically high, this is due to testing different
component variation patterns, distributions of these patterns and and operation
based differences such as joining sequences. To reduce computational efforts,
Camelio et al. (2004a) utilised the geometric covariance of the components to
determine the spring-back relationship between the components. Consequently, by
using the geometric covariance this method could perform a similar analysis to the
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MIC with less than half the number of finite element simulations.
Despite the simplicity of the MIC, it is a powerful tool in studying variation and
has seen industrial application through its implementation in commercial software
suits by 3 Dimensional Control Systems (2008) and RD&T Technology AB (2013).
However, the approach is limited to small deviations and is built on an assumption of
linearity. Additionally, component-to-component and component-to-tooling contact
interactions are not considered. As a result of these limitations, non-linear behaviour
due to the contact conditions, material behaviour and large deformations are not
represented.
Addressing the complex contact behaviour, Dahlstrom and Lindkvist (2007)
implemented a contact based search algorithm into the MIC. This allowed for a
more realistic representation of the component and tooling interactions in the MIC,
but at additional computational expense.
Another application of the MIC has been in studying the influence of joining
process sequencing. To achieve this, for each permutation of an assembly
configuration, the MIC requires a sensitivity matrix to be determined. To analyse
the behaviour of complete processes, this approach can be applied recursively (Liu,
1995). For welding sequence, Liu and Hu (1995b) determined the sensitivity matrix
for each consecutive operation and finally the complete assembly; their work
showed the importance of sequence in such situations. However, since the resulting
assembly variation for each step is based on the sensitivity matrix and the initial
geometry, when the next operation is performed no memory of the internal
component stresses is retained. Wärmefjord et al. (2010c) proposed a method to
analyse this process where an estimation was made by completely releasing the
component from the assembly fixture and re-clamping it between each successive
joining operation.
To more accurately model the influence of sequence operations during the
assembly process, the internal stresses of the component need to be considered - an
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aspect currently not incorporated into the MIC for assembly sequencing. However,
recently Lorin et al. (2013a) utilised the MIC to study stresses in plastic components.
In comparison to direct Monte Carlo (MC) approaches, it was noted there were
inaccuracies that needed to be investigated. The authors also noted the potential
application to situations of residual stresses from prior manufacturing operations -
of which assembly joining process sequencing is a good example.
Thermal effects have also been considered in combination with geometric
variation simulation by Lorin et al. (2013b). This work combined thermal expansion
simulation with variation simulation to determine the influence of thermal stresses
using the MIC. The focus of this work was on plastic components and not joining
process sequencing. The difference in the results by including thermal effects into
the MIC for joining process sequence is therefore unknown. However, Lorin et al.
(2013b) did highlight the importance of thermal and mechanical variations being
considered simultaneously in a coupled simulation, rather than individually and
overlayed.
For each operation a new sensitivity matrix must be established, and this can
lead to many thousands of definitions when a complete BIW is considered with each
operation and possible joining process sequence permutation. Therefore, an issue of
model growth has arisen due to the exponential growth in the size of the generated
models. Lindau et al. (2014) presented a method for addressing this growth issue.
The results showed that just 22 percent of the original memory requirement of the
full modelling approach was needed, with minimal difference in results.
Detailed finite element simulations are required to study more complex
behaviour that incorporates residual stresses and thermal behaviour during the
assembly of sheet metal components. Xie et al. (2007) illustrated the importance of
this through a non-linear contact based finite element simulation. They also
presented a methodology for estimating the statistical output of an assembly
operation. Enhanced dimensional reduction was used to determine an estimated
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probability density function based on the input, a MC simulation then established
the process output. Such techniques are important when performing complex finite
element simulation as large numbers of simulations are difficult to perform given
the computational time required. Matuszyk (2008) applied non-linear regression
techniques for the same purpose. A relationship between input and output
assembly deformations, based on contact based finite element simulations, was
established. A MC simulation could then be performed based on the input to
output mapping. Although these models are more complex, they provide the
greatest accuracy to practical situations and the greatest opportunity to understand
the influence of different modelling assumptions on the final assembly
dimensionality.
To date, studies on compliant body assembly processes have used two modelling
approaches: mechanistic variation modelling and contact based finite element
modelling. Mechanistic variation models are faster than contact based finite element
models at simulating the assembly process, but are currently limited to small
displacements and, in general, a linear assumption (Liu and Hu, 1997b). While
contact is commonly considered with this approach (Dahlstrom and Lindkvist,
2007), a method to estimate internal stress and thermal influences has not been
successfully developed. Consequently, these models may have reduced accuracy
depending on the operations being investigated. Complete contact based finite
element models represent the assembly behaviour more completely; however, due
to their complexity they are not appropriate for large variation studies. Variation
studies can be performed when combined with regression modelling and indirect
MC methods; but, this is still on a case by case basis and is not appropriate for
production optimisation.
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2.4.1 Multi-station models
In practice, the assembly process is performed at a number of stations where smaller
sub-assemblies are created. Chang and Gossard’s (1997) description of the PCFR
cycle represents a single assembly station, they also noted that sheet metal assembly
is a cyclic process and repetition of the assembly model is required to understand
the propagation of variation throughout the full assembly process. To represent
this assembly cycle, Mantripragada and Whitney (1999) presented a multi-station
model for rigid bodies utilising state transition modelling. A similar approach to
that taken by Chang and Gossard (1997) was made by Xiong et al. (2002), this model
was extended to represent a multi-station approach. Jin and Shi (1999) presented a
state-space model to represent variation propagation across a multi stage assembly
process. The model, built on principles adapted from control theory, considers non-
ideal rigid components. Camelio et al. (2003) then combined the MIC with this state-
space representation for multi-station modelling of compliant assemblies.
Dimensional variation control methods, established using beam elements, have
also been proposed and extended for use in the preliminary design phase of
complete BIW multi-station assembly systems (Wang and Ceglarek, 2009). Their
primary purpose is to allow design decisions that influence variation propagation to
be identified early, that is, prior to detailed Computer Aided Design (CAD) models.
A similar development was made by Wang et al. (2009) which focused on a graph
based method for design evaluations. Crucially, both these methods are designed
for the preliminary design stage; however, existing vehicles can be converted for
analysis.
As mentioned in Section 2.4, detailed finite element simulations are
computationally intensive. Consequently, multi-station modelling has not been
performed using such complex models. The use of statistical techniques, such as
that presented by Xie et al. (2007), in combination with multiple station simulations,
could allow for more detailed studies of sheet metal assemblies to be performed.
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Such techniques would allow for detailed studies of variation propagation, as well
as for probability models to be constructed for the process output.
2.5 Variation influencers and control techniques
The compliant nature of sheet metal components allows errors in components to be
partially absorbed in the assembly process. The errors that are not absorbed can
influence the positioning and shape of joining components (Takazawa, 1980). This
can result in a conforming assembly where component errors, from non-conforming
components, are distributed across the complete assembly. Furthermore, additional
variations can be introduced into the assembly. Whether variations either propagate
or are absorbed depends on a number of factors which all influence the final output.
These factors are assembly sequence, fixture design, component design, joint design
and, clamp and join sequencing. This section describes when in the product’s life
cycle these elements influence variations and, if possible, how they can be used to
control variations.
2.5.1 Design based variation control
The greatest opportunities to implement methods that control variations during
production exists during the design phase. When assembling panels together, the
panel design, type of joints and location of joins will all influence how variations
propagate. Liu and Hu (1997a) first considered the influence of different joint
designs using an offset beam formulation. The ratio of joining thickness and type of
joint (butt, lap and butt-lap, Figure 2.6) to propagate variation was analysed. Liu
and Hu (1997a) found that the resulting variation after assembly depended on
different factors for each joint configuration. For lap joint configurations, the
assembly variation was was more dominant to tooling variation; however, for butt
and butt-lap joints, the most significant factor influencing variation was part
variation, specifically the joint gap. Liu and Hu (1998) then applied a mechanistic
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variation model to analyse joint design in closed-loop beam assemblies and
Ceglarek and Shi (1998) developed an evaluation index that signifies the abilities of
a joint to propagate or suppress variation.
Figure 2.6: Cross-sectional views of joint geometries for (a) Lap joint, (b) Butt joint,
and (c) Butt-Lap joint (Ceglarek and Shi, 1998).
While component design can influence the ability to control variability, the
design of the fixtures to assemble the components is also an important factor in the
control of dimensional variation of assemblies. Much work has been done
considering fixture design for rigid components while under external loads, such as
machining. Fixture design for compliant bodies has received considerably less
attention. Rearick et al. (1993) first considered the location and number of locator
surfaces by applying a nonlinear programming algorithm for placement and a cost
function for the number of locators. Using Finite Element (FE) simulation, the
component’s stiffness was determined at each iteration of the algorithm. During the
simulations, surface locators are represented by restraints applied at nodal
locations. Rearick et al. (1993) noted that discontinuities of the objective functions
can occur when the finite element mesh is regenerated to fit the new locations. They
applied Sequential Quadratic Programming (SQP), which evaluates the search
direction independent of the objective function to solve this problem and to
optimise the placement of locator surfaces. Cai et al. (1996) utilised a Multi Point
Constraint (MPC) as another method to solve the objective function discontinuity
problem. They further proposed the convention of the N-2-1 locating strategy and
applied non-linear optimisation techniques to determine the optimal position of
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locating surfaces. Utilising a genetic algorithm, Liao (2003) took an alternative
approach using a discrete set of available surface locator positions. Included in this
set of possible locations were false locator positions outside the domain of the
component; this allowed for the number of active locators to be reduced when a
mutation to a false locator was performed. This work determined the number and
placement of locators that minimised the geometric deflection caused by gravity,
external loads and clamping forces. Optimal shimming of surface locators has also
been proposed with the aim of minimising clamping forces (Shiu et al., 2000).
These works have focused on reducing the influence of the workpiece from
external loading. Encompassing component and fixture variation, Camelio et al.
(2004b) developed a methodology to determine locating surface positions with the
aim to reduce the dimensional variation of the output assembly. The developed
model applied a mechanistic variation technique (Liu and Hu, 1997b) of the
assembly process to determine the output dimensional variation. Both the number
and location of locators for fixture design were considered to achieve the goal of
maximising workpiece rigidity; but this may not be the optimal goal for compliant
body assembly (Camelio et al., 2004b). Another approach to address fixture design
is to maximise the dimensional stability of the outgoing assemblies. Locator surface
placement has been investigated with this goal in mind (Camelio et al., 2004b), but
has not consider the optimal number of locator surfaces. Furthermore, fault
diagnosis and measurement point layout are influenced by both the number and
placement of locators, so this should also be taken into consideration. The use of
contact based finite element simulations would provide a more realistic
representation of the situation, eliminating the need for a re-meshing algorithm and
allowing the incorporation of component variability; but this is a computationally
expensive approach.
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2.5.2 Operation based variation control
Although the greatest ability to control variation exists during the design phase, a
unique opportunity exists as a consequence of operation setup. A distinction is made
here between these two stages primarily because altering operation characteristics
relating to the process, as a means of reducing process variability, can be achieved
at minimal expense. However, it is also a factor that is commonly overlooked until
production setup. Additionally, there are secondary factors relating to an industry
need for methods to improve existing processes which may frequently cause issues.
For sheet metal assembly processes, the greatest opportunity is afforded by sequence
based operations.
There have been a number of works that have looked at both the procedure of
sequence analysis and optimisation, a process termed sequence synthesis (Liu and
Hu, 1995b), for spot welding. In Liu and Hu (1995b) work, sequence analysis was
performed by applying mechanistic modelling techniques using the sensitivity
matrix. Variation reduction was proposed via a welding sequence that proceeds
from weak to strong areas of the assembly. This may be more accurately termed the
area of lowest rigidity to highest rigidity. The synthesis approach is illustrated in
Figure 2.7. As discussed in Section 2.4, the mechanistic model formulated does not
consider an internal build up of stress, and consequently only one of the factors that
result in the observed sequence dependence in these sequence based problems is
incorporated.
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Figure 2.7: Sequence synthesis based on welding from weak to strong (Liu and Hu,
1995b).
Shiu et al. (2000) considered the impact of induced stresses from component
deviations during the welding sequence steps. They proposed a minimal stress
criteria to reduce dimensional variability and showed that an increase in built up
stress leads to greater variability. Consequently, they presented a sequencing
guideline that suggested an ironing technique to sequence the welds, moving from
fixed to free ends (Figure 2.8). Although the internal stress was considered,
dimensional aspects such as those incorporated into Liu and Hu’s (1995b) model
were not.
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Figure 2.8: Proposed method to minimise dimensional variability induced by stress
build up (Shiu et al., 2000).
Hoffman and Santosa (2003) emphasised the requirement for, at minimum, a
two dimensional model to be used to capture the geometric influences that result
in sequence dependence. They used a rigid beam model where a torsion spring
element was used to connect each beam together. Constrained optimisation was
used to minimise the energy function of the torsion springs based on the variational
form of Hooke’s Law to solve for the position of the assembly at each intermediate
step. However, although this model represents the weld tip clamping, joining and
release steps more accurately than a mechanistic model, the internal energy stored
in the springs between welding steps was not followed through between successive
welds. The aspects that were primarily considered were the geometric change in
the x and y position during the welding steps, in combination with a more accurate
energy based model for spring-back of the assembly. Hoffman and Santosa (2003)
suggested a similar approach to sequencing as that of Shiu et al. (2000), where an
ironing technique or fixed to free end should be employed.
Each of these simplified formulations only focuses on discrete aspects of a
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combination of influences that result in sequence dependence of the joining
operation. As the weld tips are applied, stresses are induced into the component
that cause the geometry to spring-back depending on the change in stiffness of the
structure due to the addition of the new join. However, internal stresses still remain
between successive steps, and are not captured by these simplified models. The
importance of residual stresses in general manufacturing processes has been
investigated previously (Zhang et al., 2014) and is particularly important to the sheet
metal assembly process (Govik et al., 2012). The influence of forming history and its
impact on internal stresses and the associated assembly process has also been
studied (Govik et al., 2013).
The simplified models used in the sequence synthesis process also do not
consider the initial clamping deformation to constrain the component while the
joining operation is performed, and the associated final assembly spring-back.
Furthermore, if deformations are not small then non-linear geometric deformation
must be considered when analysing or synthesising the sequence problem. These
are all in addition to the boundary condition non-linearities formed by contact
between the components and tooling elements.
Considering the complete process incorporating clamp and joining process
sequencing, (Hu et al., 2001) presented a methodology for modelling of compliant
assembly using a complete finite element model with contact incorporated. This
was validated experimentally in a case study of a three piece dash assembly. Hsieh
and Oh (1997) presented a similar methodology they termed Elastic Assembly
Variation Simulation (EAVS). This was later extended and combined with a genetic
algorithm to solve for both weld and clamping sequences to minimise both cycle
time and assembly deformation. Other works have only considered these in
isolation, for example only analysing cycle time (Givehchi et al., 2011).
Another approach to improve dimensionality that was proposed by Liao (2005)
involved optimising both the number and location of the joins. They combined a
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neural network and genetic algorithm to solve this problem and to minimise
dimensional variability. However, such approaches are not technically feasible
during production stages and must be considered during the design phase. This is
primarily a result of safety standards that dictate the movement and placement of
joins after a vehicle has undergone physical crash testing. These same regulations
also standardise the permissable variability in existing join locations, that were
shown by Söderberg et al. (2012) to have a significant impact on assembly variation.
Thermal stresses also have the potential to influence the joining process sequence.
Fan et al. (2007) presented a more detailed approach to the simulation of sheet metal
assembly by performing thermo-electro-mechanical finite element analysis. In this
work, a thermal stress solution was projected onto the appropriate assembly locations
to study the influence of the welds. This approach had varied levels of success when
compared to practical experiments. While this is not an issue if rivets are to be used,
it has been noted that the riveting process causes greater local and global deformation
than the spot welding process (Masters et al., 2012).
More recently, Wärmefjord et al. (2010b) investigated the performance of both
existing, and their own, sequence synthesis approaches. Sequences were determined
for a number of case studies, with simulations and experimental studies performed
to evaluate the performance of the sequence. It was determined that there was no
perfect approach from those investigated; however, a synthesis approach that orders
welds based on their sensitivity with respect to the unjoined points showed promise.
The method determines the order of joins by applying a unit deflection at a candidate
join location for each component and in both directions. This is repeated for all
candidate joins locations. In each case a sensitivity matrix is constructed that contains
the distances to nominal of the other join locations, which also move based on the
applied unit deflection. The most sensitive join location being evaluated by finding
the sensitivity matrix with the largest norm. This approach is recursively applied
to iterate through for N number of welds. Wärmefjord et al. (2010b) also proposed
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an alternate method termed the relative sensitivity method. This approach used the
difference, or gap, between the components other join locations when determining
the sensitivity matrix; in contrast to the sensitivity method which used the difference
to nominal. In practice this can be attributed to differences in joining equipment and
the applicability would depend on the application using a positional-style RSW4 gun
or a force balanced RSW gun.
An evaluation of genetic algorithms in solving the sequencing synthesis problem
regarding dimensional variation and cycle time was performed by Segeborn et al.
(2011). They showed that such approaches can be highly successful given
comparatively few iterations. Carlson et al. (2014) applied a systematic search
algorithm to minimise both dimensional variation and cycle time. The method
exploits known properties of the welding process, specifically the use of
simultaneous joining operations as a method of variation reduction.
While clamp sequencing was considered in genetic algorithms, evaluation of
clamp sequences alone and their influence on assembly variability was performed
by Matuszyk et al. (2007). Utilising a three dimensional contact based simulation,
clamping sequences were analysed and guidelines for selecting the sequence to
minimise shape variations in the components presented. This work showed that
clamp sequencing can be used to minimise output variation, but also that no two
input variations required the same sequencing rules; although a general robust
solution appeared to exist. This is an important consideration, as clamping
sequence is also known to play a role in component location errors (Raghu and
Melkote, 2004). The geometric errors also influence the required holding forces
(Wärmefjord et al., 2013).
Other unconventional methods for variation reduction have been proposed. Xie
et al. (2011) presented a part-by-part error compensation approach, where each
component is measured online and placed in an orientation to compensate for the
initial error. A similar approach utilising a bio-inspired algorithm was also
4Alternative joining techniques could be used
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presented by Wells and Camelio (2013). However, while these approaches were
successful in their aim and show interesting promise for specific applications, they
significantly slow the process due to the additional required measurement step.
Furthermore, while the end output may achieve its tolerances, there is potentially a
loss of a consistent referencing frame between the components, which may limit the
specific application.
In a production situation, very few options exist to control variability during
the assembly process without modification to the assembly equipment. However,
clamp and joining process sequences are comparatively simple to alter to a more
robust operating point. The effects that result in this sequence-based dependence
are well studied in isolation and their influence on discrete point variability has
been investigated. However, both interpreting the effect of the sequence on global
deformations and determining a generalised robust operating point for sequence
selection still needs to be considered.
2.6 Characterising shape variations
The models presented in Section 2.2 serve as an aid to understand the propagation
of variation during the assembly process, while the techniques presented in Section
2.5 illustrate the operations that can be used to control the variability. However,
representing and interpreting this variability is also of significant importance as it
is often highly correlated and has a significant influence on the ability to monitor
and diagnose faults, as discussed in Section 2.3. With the increasing use of three
dimensional point cloud measurement devices, understanding the process variability
across the complete structure, not just at discrete points, is required. This section
provides a review of methods for interpreting and visualising variability in both
measurement data and model-based estimations.
Variations in the production of sheet metal components can result in a variety of
errors to the final component output. These errors can be: localised to a specific
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region, such as a ripple in the surface; specific to a feature, such as spring back in a
flange; or distributed across the component, such as component twist. Further
errors can present themselves during the assembly stage. Camelio et al. (2004b) have
identified three main sources of variation during the assembly process: fixture
variation, component variation and joining tool variation. When measurements are
made, the component and assembly errors result in highly correlated data due to
the geometric covariance of the continuous sheet metal surface (Merkley, 1998).
Using pattern recognition techniques, correlated data can be analysed and the
uncorrelated variation patterns extracted. A common approach to identifying these
patterns is known as Principal Component Analysis (PCA), which identifies and
ranks the contribution of each pattern in a data set. The largest variations in a
measurement set can then be identified. Utilising PCA, Hu and Wu (1992) analysed
mean shifts in panel placement and successfully identified the dominant variations.
The field of computer vision has seen extensive research in the area of shape and
variation representation. One particular method that has seen widespread
applications is the Point Distribution Model (PDM) presented by Cootes et al. (1992,
1995). The technique is based on the application of PCA to generate an initial
training model. PCA linearly separates the correlated patterns in the original
training data and allows a new geometric measurement to be mapped onto this
reduced dimensional space for evaluation. The PDM technique has successfully
been applied to areas involving medical imaging (Hill et al., 1993), sheet metal
stamping variation (Rolfe et al., 2003a,b), and sheet metal stamping tonnage
signatures for component failure identification (Doolan et al., 2003).
Since PCA is a linear technique the method can struggle with representing non-
linear correlations. This is an issue that can be circumvented by the application of a
kernel based PCA approach. Unlike traditional PCA, which creates a linear mapping,
kernel PCA approaches are non-linear. This is achieved by an initial data transform
to a feature space with a different dimension prior to applying PCA. Then, when
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PCA is performed, the linear mapping is based on the feature space, not the initial
data space. Therefore, in relation to the original data space the mapping becomes
non-linear. However, it can be difficult to determine an appropriate kernel because
the kernel needs to represent a mapping of the non-linear information to a linear
representation, and as a result it is highly data dependent.
Other shape representation techniques that have been proposed include the use
of fractals (Liao and Wang, 2005a) and wavelets (Liao and Wang, 2005b). The primary
focus of these works has been on representing smaller scale levels of variability that
would otherwise be missed with techniques such as PCA which specifically identifies
the most dominant variations.
While the PDM is a powerful technique, it is also completely data-driven.
Consequently, any representation will not be based on the properties of the
underlying geometry but purely on the contents of the training data and is therefore
sample specific, which can result in the production of inconsistent models (Huang
et al., 2013). Although the training data can be established to relate to meaningful
properties, it must be orthogonal and independent prior to training. PCA generally
results in a loss in the physical significance in the resulting principal components, as
two or more potential variations that contain correlated information are separated.
Alternative approaches utilising model-based data have been developed as methods
for maintaining underlying geometric information. Specifically, the use of geometric
stiffness properties and modal shapes as a representation of variations (Pentland
and Sclaroff, 1991; Terzopoulos and Metaxas, 1991; Nastar and Ayache, 1993).
To represent part form error for compliant components using a model-based
technique, Huang and Ceglarek (2002) presented the Discrete Cosine
Transform (DCT) as a method for geometric representation. A significant advantage
of this representation is the ability to relate form error directly to interpretable
representations of variability, such as twist or bow of the component. Furthermore,
any geometric form can be expressed by using a larger number of representative
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components. A limitation of the DCT method is the height field assumption where
z = f (x, y), which limits the technique to single panels without bent vertical flanges.
Consequently, application of the method to a three dimensional assembly is
difficult, unless done on a part by part basis. Huang et al. (2013) more recently
presented Statistical Modal Analysis (SMA) as a method for quality control of
compliant components. In this work DCT was also used for representation,
although it was applied as just an example of one of many possible modal analysis
based shape representations. Huang and Kong (2008) then further developed this
approach by combining it with methods to also monitor rigid body movements
during the assembly process.
Once a representation has been obtained, either data or model-based, the next
step is utilising the information for visualisation, quality control or diagnosis. Based
on PCA, Wells et al. (2011) presented a framework for variation visualisation that
allowed for complete visualisation monitoring of variation patterns within the data
by morphing the underlying geometry in the virtual world. In doing so, the
approach allows for an interpretable understanding of the principal component
vectors. Lindau et al. (2013) also presented an application of using PCA based
models in the virtual environment; however, with the aim of simulating a virtual
assembly process. An important aspect here is understanding the variability of the
shape representation. Cootes and Taylor (1999) developed an extension to the PDM
using a mixture model approach for representing the distributions within the shape
variations. This was extended utilising kernel density estimation in the application
to the Kernel Density Estimate - Point Distribution Model (KDE-PDM) presented by
Matuszyk et al. (2010) for shape variation representation in manufacturing quality
control.
Off-line methods of interpreting variability have been investigated by Söderberg
et al. (2008) using a virtual environment. Further development has also been
completed by studying the human interpretation of the computer based
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visualisation (Forslund et al., 2011). This is an important aspect to understanding
variability relationships between the pre-production design phase and the
perception of quality in the final production output.
All of the techniques mentioned thus far, particularly the data-based models,
rely on careful selection of measurement information. Given the increasing use of
three dimensional point cloud acquisition technologies, more data are obtained than
is required. This poses two problems: the time involved in acquisition, and the
necessary processing requirements. Wells et al. (2012) discussed utilising
high-density point cloud data to reduce the required measurements when using
multiple acquisition technologies, while Wärmefjord et al. (2009) investigated the
loss of information when reducing measurement points. The influence on sample
size with reduced inspection point data has also been considered (Wärmefjord et al.,
2010a). While reducing the number of points is an option, selecting which points to
remove and which will remain creates other issues. When specific shape variations
are known, there are a variety of techniques that can be applied, including the
Effective independence (Efi) method (Kammer, 1991), genetic algorithms (Yao et al.,
1993) and average mutual information (Trendafilova et al., 2001), amongst others.
This section has presented a review of a variety of shape representation methods
for compliant components. Two distinct segmentations have formed in the
design-to-manufacture product life cycle regarding shape representation. They are:
methods for variation simulation and tolerance analysis of compliant components,
and methods for process control and root cause diagnosis of variation for the
components. However, recent efforts have seen attempts at utilising heavily
data-based methods, from the later category, for the application of variation
simulation and tolerance analysis earlier on in the design phase. In these situations
the required information to generate the appropriate model has usually not been
obtained. Huang et al. (2013) also noted this disconnect when presenting the SMA,
intended as a holistic approach to variation analysis. Furthermore, these techniques
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are usually specific in their application to identify dominant variations. In practice,
they may not represent the primary area of concern and efforts to incorporate
Geometric Dimensioning & Tolerancing information are being made (Kong et al.,
2009); however, this work is currently limited to rigid body situations.
2.7 This work
This literature review has identified two specific gaps in the current research into
compliant body assembly processes surrounding the area of joining process
sequencing. Firstly, recent research has focused on modelling of the compliant body
assembly process to determine the final variation. However, due to the nature of
variation simulations and the large combination of permutations, there is limited
applicability in applying these techniques for complete process optimisation.
Although attempts have been made to generalise the requirements of sequencing
the joining process, these have been performed on either simplified geometric
situations or specific industrial studies. In either case, a limited number of
modelling factors have been considered and this has resulted in conflicting
guidelines for joining process sequence synthesis. Secondly, a large number of these
methods have focused on identifying and diagnosing the largest variations
throughout the assembly process. These methods follow a net build approach and,
as such, large variations with little influence to the final product may be identified
as critical and unnecessary rework may be performed that contributes little to
product functionality or overall quality. Furthermore, in early production stages, it
is difficult to determine the nature of these possible variations rendering
optimisation techniques of little use. It would be more beneficial to develop
methods that control a range of potential incoming variations during production
and thus render the process more robust.
This work addresses these gaps by firstly developing an abstract geometry class
to represent complex compliant assemblies. The interactions of process sequences
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and variations are then examined by considering a combination of modelling
analysis factors to minimise the number of initial assumptions made. The
importance of a robust sequence on possible output variations is emphasised -
noting that the dominant variations may not always be the variations that impact
functionality the greatest. The criteria for robust sequence selection is then
established and used to develop guidelines that can be systematically applied to
inform process engineers of setup requirements. Using these new guidelines will
allow faster production setup by determining an acceptable production output - as
opposed to a theoretically perfect output. This is an issue that is observed in
production facilities, where production engineers are separated from the initial
process and design engineers. Consequently, after initial setup, there is little
opportunity to reassess the production setup using tools such as, for example, FEA
combined with genetic algorithms. By addressing the combination of these two
gaps, a practical method for control of dimensional variation during the joining
process that is applicable to industry can be established.
Chapter 3
Research methodology
The literature review identified several significant areas for further research in the
field of sheet metal assembly. To address this need, the approach set out in this
thesis is described here. The methodology is centred around a case study and the
development of a geometric structure that generalises the structural mechanics
observed in the case study, which is presented in Chapter 4. The reasoning behind
the development of this idealised geometry is presented, followed by the design
issues that were encountered and which affected the end result. This chapter
describes in detail the tools used and the analysis techniques applied; many of
which influenced the development of the idealised structure. The development of
the idealised geometry, in combination with work presented in Chapter 4, addresses
Objective 1 of this thesis (see Section 1.3.2).
3.1 Methodology overview
An overview of the steps applied in this work, and the chapters to which they are
relevant is shown in Figure 3.1.
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Process monitoring in the production facilities. Determine
incoming and outgoing variabilities. This is presented in Chapter
4.
Create a simplified representation of the manufacturing situation.
This is presented in Chapter 3.
Simulate the final sequenced based assembly process given
possible incoming variabilities. Determine the requirements for
a preferred sequence. The findings are presented in Chapter 5.
Further simplify the sequence analysis process and determine the
factors that influence the expected variation in the modelling of
compliant assembly. This is presented in Chapter 6.
A method for determining the preferred sequence based on the
observations and analysis results is proposed and simulated. The
outcome is presented in Chapter 7.
A laboratory model was created and used to run a laboratory trial
to validate the computational approach. The measurements made
during the trials were then fed back into the simulation, along with
some parameter changes to more closely simulate the assembly
process. These findings are presented in Chapter 8.
Figure 3.1: Breakdown of the steps used in this thesis and the relevant chapters.
The methodology begins with the idealisation of physical geometry common in
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the automotive industry (Section 4.1). This structure forms the basis for answering
the primary research question of this work:
How can joining process sequencing be applied effectively to control
deformations and minimise dimensional variation during assembly of complex
non-ideal compliant components?
Section 3.2 details the development of this structure, which was determined
through a combination of analysis and Finite Element Analysis (FEA). The structure
is geometrically more complex than geometries used by previous researchers, which
allows an extension of the currently understood joining sequence recommendations.
The structure is based around the stiffness change before and after the joining
operation, which offers the possibility of minimising variation.
The idealised structure was then used for the computational simulation of the
sequencing problem. A static implicit solver was used to analyse the step-based
process as it gave the option of simulating a larger quantity of sequences than
would otherwise be possible in a laboratory situation. The procedure for
establishing the simulations is outlined in Section 3.3. The structure was then
modified for experimental-based validation of the sequencing simulations, as
outlined in Section 3.4.
The analysis tools used to evaluate the geometric variability are presented in
Section 3.5. A common tool called Principal Component Analysis (PCA) was used
to identify the correlated patterns of the whole structure from the computational
simulations and also to identify the correlated patterns from the extracted
measurement data from the experimental comparison. Finally, the procedure that
was applied to analyse the experimental measurement results for direct comparison
to the simulation results is presented in Section 3.6; this section includes a summary
of the analysis steps and the sample preparation procedure.
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3.2 Structure topology
In practice, there are a larger number of variables to consider than have been studied
in the literature. These include: joining mechanism; joining actuation type and force;
global and local component variations; fixture variations; and any interaction effects.
A simplified, idealised design is required to study these problems. This design,
although simplified, must have enough inherent complexity to be adapted to real
world situations for the aforementioned issues to be investigated. For this work, the
design is based on the industrial context closure assembly window frame.
To understand this further, the core geometry of the closure assembly was
investigated at the points pre- and post- welding. These points were selected due to
the possibility of variation reduction, as will be shown in Chapter 4. The general
geometric shape of the assembly, and specifically the window opening, represents a
loop. Prior to welding the internal connecting edge, the profile around the loop is
an open section. This open section extends around the periphery of the frame to
join back onto itself, forming a closed section. Therefore, this is a class of geometry
that can be termed open-closed prior to assembly and closed-closed after the joining
operation.
Due to the inherent stiffness change that can occur when closing an open section,
a significant torsional rigidity increase occurs. As identified in Section 2.1.1, it is
the increase in rigidity that allows for the absorption of deviations from the less
stiff parent components. For this structure, the geometric deviations that exist prior
to joining have the potential to be suppressed when the geometry becomes closed-
closed. In particular, this can result in twist, as identified in Chapter 4 Section 4.2.1.
A rectangular section profile with one unjoined corner incorporating a butt joint
was used for the section geometry of the whole structure loop, as illustrated in Figure
3.2.
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Figure 3.2: Cutaway section illustrating the profile and structure geometry.
3.2.1 Geometric representation
To appropriately define the dimensions of the structure developed in Section 3.2, an
analytical model for the torsional stiffness pre- to post- welding was initially
investigated. This analytical model needed to incorporate both thin wall behaviour
and partial restraint of torsion induced warping. Consequently, an analytical
representation required Vlasov torsion theory rather than De Saint Venant
principles, which assumes no restraint on warping (Sircar, 1981).
Partial restraint is considered because the warping along one edge will be coupled
with the torsional twist along another. This will continue around the loop and back
to the same member at the other end. Therefore, the torsional twist will be equal to
the degree of warping when the structure is twisted. In this instance, a torque is not
applied, instead four balanced point loads are applied at the corners.
3.2.1.1 Beam section
To develop an analytical representation of the structure, the beam section mechanics
must first be developed. Vlasov torsion theory requires a number of parameters of
the section to be defined; specifically, the torsional stiffness and warping stiffness.
In Vlasov’s torsion theory, the rotation of the beam’s cross-section follows the
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differential Equation 3.1.
ECw
d4ϕ
dx4
− GIt d
2ϕ
dx2
= mx (3.1)
Where GIt represents the torsional stiffness and ECw the warping stiffness. The
constant Cw is the warping constant and can be calculated via Equation 3.2.
Cw =
∫
A
Ψ2dA (3.2)
Where Ψ represents the warping function. An additional term called the bi-moment,
which occurs in the cross section when warping is restrained, is also defined . It is
the distribution of axial stress that is required to reduce the warping of the section,
as defined by Equation 3.3.
B = −
∫
A
σxxΨdA (3.3)
This beam theory is described here as it most appropriately replicates the
torsional properties of the presented square section geometry prior to the joining
operation. The exact case can be further simplified to a single beam element with
coupled warping and torsion. In this instance, the warping angle would be required
to equal the torsion angle of the beam. However, since the beam is coupled in
warping and torsion, and not simply supported, a closed form solution is difficult
to obtain and is still an active area of research (Du et al., 2007; Wang et al., 2012;
Wang and Zhao, 2014). Consequently, developing this complete analytical
representation is beyond the scope of the objectives of this work. To understand the
torsional properties of the structure more fully, a complete finite element model of
the geometry was developed in ABAQUS/Standard using S4R shell element. This is
an approach commonly used in analytical papers to verify the formulations
presented (Du et al., 2007, e.g.).
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3.2.1.2 Finite element representation
The twisted geometric structure is represented in Figure 3.3. The torque was
applied by four point loads at the corners in opposing directions from corner to
corner. A beam element, such as B310S, could have been used in this representation
in ABAQUS to understand the stiffness of the structure. However, shell element
representations are the preferred method to analyse warping of open thin walled
sections. This method allows the coupling between warping and torsion to be most
easily analysed and visualised.
(a) (b)
Figure 3.3: Twisting of the geometry (a) before and (b) after joining of the structure.
The torsional rigidity of the structure was calculated prior to the joining
operation as 27.2Nm/degree of structural twist. After the joining operation the
torsional rigidity had increased to 58.6Nm/degree, equating to a stiffness ratio of
2.15:1. The final section profile, illustrated in Figure 3.4, was determined using
values of A = 35 Millimetre (mm), B = 50 mm, C = 20 mm
G = [1.2, 7.2]mm/[2, 8]mm centerline geometry & t = 0.8mm.
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Figure 3.4: Cross section of the final geometry with dimensions illustrated.
3.2.2 Input deviations
The structure was designed to study the influence of two main input deformations
as observed in the industrial context. These are: a gap in the butt joint around the
joining edge, or twist of the structure. As the fixture elements are applied and the
joining operations are performed in an attempt to bring the component to nominal,
these deviations induce stresses in the component. These stresses then propagate
around the frame, depending on the sequence in which they were induced, altering
the final geometry when released.
A limitation of using the gap input variable in this style of structure is the effect
on structural stiffness. As the gap increases and is closed by the weld gun and
clamps, greater geometric deformation occurs that forces the structure into a slightly
different geometry. This is not an issue for the smaller gap openings; however, as the
gap increases, the influence on the structural rigidity increases. It should be noted
that in this work, the limits for the gap were extended more than would be observed
in production in order to study their influence; however, this may be representative
of situations in production where the component did not undergo sufficient draw.
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3.2.3 Summary
This section has developed an idealised representation for the geometry of the
industrial context closure assembly. Consideration was given to the observed
stiffness increase to represent the industry component on a smaller, controlled scale.
An analytical representation was investigated to develop an understanding of the
mechanics of the structure during torsion. The complete design was developed
using a finite element model with a number of constraints; these constraints were
based on the physical limitations of creating the structure and executing the
experiments in the laboratory. The final structure formed a square with an outside
edge length of 500 mm.
3.3 Assembly process finite element model
To study the mechanics involved in the assembly of sheet metal, specifically joining
process sequencing, a finite element model was developed that incorporates
sufficient complexity to represent the problem. As highlighted in Chapter 2, Section
2.4, establishing the model requires capturing a number of non-linearities; namely,
geometric non-linearity and contact non-linearity. For the purposes of this work,
material non-linearity was not considered because the assembly operation should
not be inducing plastic effects. However, it is noted that this may occur in some
practical situations.
The simulations were performed using ABAQUS/Standard static implicit solver.
A multi-step approach was used, incorporating contact interactions. Both the weld
tips and clamps were represented by analytical rigid surfaces. The analytical rigid
surfaces were fixed in five degrees of freedom with the sixth, in the direction of
operation, connected via a weak spring and damper to ground. The non-linear
geometry flag, NLGEOM, was also activated.
Surface-to-Surface contact was used to maintain accuracy of the contact
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conditions between the sheet metal component and the analytical rigid bodies. The
combination of the analytical rigid surface and the surface defined from the
structure’s elements provides an improved contact representation that allows a
larger mesh size to be acceptable, consequently allowing for an improved
computation performance. Where possible, Small-Sliding was activated to minimise
computational expense and to increase simulation robustness.
The sheet metal component was modelled using a four node,
stress/displacement shell element with reduced integration, S4R, and a 10 mm
mesh size. This element has six degrees of freedom per node and will appropriately
capture the shear effects leading to warping described in Section 3.2.1. Reduced
integration was selected to avoid sheer locking that can occur with full integration
elements. Given the expected deformations, it was deemed unlikely that the zero
stiffness hour glass mode would occur; however, the potential still exists close to the
contact interaction points. Additionally, although continuum elements would
provide a greater level of robustness to the simulation due to their improved
performance when handling contact interactions, the increase in the necessary
degrees of freedom of the simulation would be too detrimental to processing time
and as such, they were not used.
The component was located in space according to the fixture design. The fixture
pin and slot were represented by restricting the appropriate degrees of freedom of
the nodes at the appropriate locations. To achieve convergence of the implicit solver,
the main assembly was also grounded via very weak springs and dampers. In total
there were 24 welds and four clamping locations, as illustrated in Figure 3.5.
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Figure 3.5: Complete finite element model representing the structure along with
analytical rigid surfaces representing the fixture clamps and weld tips (illustrated at
the centre of the assembly).
The Resistive Spot Weld tip control method used in these simulations is the
positional style. The lower weld tip is moved into position and then the upper weld
tip is forced downward. An element, representing the spot weld nugget, is added to
tie together the position and orientation of the two closest nodes at that location.
The simulation steps were performed as follows:
1. Apply all clamps
2. Perform weld:
(a) Move weld tips to position
(b) Move lower weld tip to the component
(c) Squeeze the upper weld tip down with sufficient force to completely close
the gap
(d) Add element representing spot weld nugget
(e) Release weld tips
3. Repeat step 2 for each weld in the sequence
4. Release clamps
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Thermal effects were not incorporated into this study because the focus is on
the interaction between the assembly components. For the purposes of this work
only a linear material response was incorporated into the simulation, not material
plasticity. In practice, components should not be subject to conditions where non-
linear material properties are observed, apart from those that occur local to the weld
zone. However, it should be noted that the upper limit of the gap input variation
specified in this work would, in practice, likely lead to stresses great enough for
plastic deformation to occur during the joining operations.
The development of this model allows the study of different weld sequences,
clamp sequences and a variety of different input variations to be simulated. In the
next section, an experimental design is presented that will allow for validation of the
presented modelling formulation.
3.4 Experimental assembly design
To validate the finite element model presented in Section 3.3, the structure presented
must be separated into an assembly that can have each of the constituent components
manufactured and assembled. The design must also allow for the addition of the
desired input variations.
To realise this goal, an assembly that consists of eight components was developed.
Four components were used for the base, and four for the upper assembly. As the
weld gap was changed, the upper assembly components were modified. Figure 3.6
shows an exploded view of the joining parts for the assembly. The focus here was to
design an assembly with similar torsional properties to the simulated assembly both
pre- and post- the final weld sequence. In addition, the components were required
to be manufactured with relative ease.
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Figure 3.6: Exploded view of the sheet metal components used to create the assembly
used in this study.
There were two primary considerations when designing this modified
representation: the number and configuration of components, and the joint design.
As mentioned above, the assembly consists of eight components - each side
consisting of an upper and a lower, which results in greater simplicity for
manufacturing than attempting to make each side out of a single piece of sheet
metal. For the corner joints, the components were welded in the plane of the square
assembly only; with no welds on the vertical. A simulation was performed of the
torsional rigidity of the assembly with and without the nodes in these corners
connected. It was determined that the addition of these connections contributed less
than one percent to the overall torsional structural rigidity of the assembly and
hence that, for the purposes of this work, they were not significant and could be
ignored. Each of the corner joints had a joggle to provide a smooth transition from
one component to the next. An example of the intermediate and final assembly
stages is shown in Figure 3.7.
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(a) (b)
Figure 3.7: Laboratory Fixture used during the assembly process (a) during a sub-
assembly phase and (b) prior to final assembly.
3.5 Output measurement strategies
Discrete measurement locations can only be considered if an understanding of the
expected deformation is available, otherwise critical deformations may be missed.
Consequently, a large amount of geometric data were gathered from the components
for analysis. In the case of the simulation, the finite element nodes were used for
analysis. For the experimental implementation, three dimensional scanned surface
data were used. This was obtained using a Faro V3 laser line probe attached to
a Faro platinum Co-ordinate Measurement Machine (FARO Technologies|, 2010),
acquisition performed through Geomagic Qualify R© (Geomagic, 2011).
This approach yielded a significant amount of data. For the purpose of
analysing this data, the mathematical technique known as Principal Component
Analysis (PCA) was applied. This allowed the dominant variation patterns in the
data set to be obtained, and a reduction in the key variation variables to be made.
However, to perform PCA the data set representing each sample needed to have a
consistent number of measurement points and these needed to be in the same order.
To achieve this on the experimental scanned data, a grid projection was made.
Additionally, due to access limitations, only the upper surface was measured on the
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final joined geometry.
3.5.1 Principal component analysis
PCA is a mathematical technique that transforms a data set into uncorrelated linear
relationships, known as the principal components. This technique is useful in
identifying the greatest variation in data sets and for dimensional reduction. It can
be performed through eigenvalue decomposition. To perform PCA, the data mean
is first calculated, as represented by equation 3.4.
x =
1
n
n
∑
i=1
xi (3.4)
The covariance matrix of the data set can then be determined using equation 3.5.
S =
1
n− 1
n
∑
i=1
(xi − x)(xi − x)T (3.5)
where x represents the mean, xi represents each sample measurement and N the
number of samples.
From here, the eigenvalue and eigenvector pairs are calculated from the
covariance matrix. The eigenvectors (Φ) now represent the principal components of
the data set. The eigenvalues are relative magnitudes of variation for each principal
component. The eigenvector/eigenvalue pairs are sorted in descending order based
on the magnitude of the eigenvalues. When used for dimensional reduction,
principal components that contribute less to the variance of the data can be
neglected. The data can be reconstructed using equation 3.6.
x ' x +Φb (3.6)
Where b represents a vector with the corresponding magnitudes of each principal
component contributing to a data sample.
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3.5.1.1 Point Distribution Models
One application of PCA is the use in the Point Distribution Model initially presented
by Cootes et al. (1995). PCA is applied to formulate a deformable shape model
based on training data to represent shape variations. New measurements can then
be projected onto this model and allow for classification using a distance classifier.
b = ΦT(x− x) (3.7)
where the inverse of Φ can be taken as the transpose because Φ is an orthogonal
matrix.
3.6 Experimental study methodology
The ability of the sequence to minimise the potential induced variation mode was
validated using the experimental assembly outlined in Section 3.4. The primary
focus was the final assembly stage, during which the sequence and gap were varied.
Section 3.5 presented several techniques to analyse multivariate patterns from the
measurement data. For the computer simulation this can be directly applied to the
nodal coordinate information; however, it can not be directly applied to the three
dimensional measurement data. This section presents the methods used to interpret
this data for direct comparison to the simulation results and the procedure and
process used to prepare the experimental samples for the final assembly stage.
Three weld sequences were varied and the clamping sequence was kept constant.
In total, 45 parts were prepared for assembly, 15 for each weld sequence. For each
group of 15, three designed gap levels were used: two, five and eight millimeters.
3.6.1 Sample preparation
At each stage of the assembly process the components were scanned using a laser line
probe. This gave a record of the component’s shape during assembly, and allowed for
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groupings of components to be made that better represent the spread of variations.
Primary focus was on the geometry prior to the final weld sequence operation. For
this stage, the upper surface was scanned, along with the lower surface in the region
of the butt joint gap. This enabled a profile to be established for the gap around each
component.
PCA was used to investigate the patterns in the gap profile and to create
groupings for the components for each designed gap in the final assembly sequence
stage. The gap variation patterns were used as the primary grouping metric, as this
is the designed variation that induces the output variations observed. An example
of the patterns that were observed is shown in Figure 3.8.
(a) (b)
(c) (d)
(e) (f)
Figure 3.8: Gap variation modes extracted from scan measurement data: (a) Mode 1,
(b) Mode 2, (c) Mode 3, (d) Mode 4, (e) Mode 5 and (f) Mode 6.
The components from each gap grouping were split into three further groups,
one for each sequence. The target criteria was an equal mean and variance for the
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first three principal components of the projected data representing the gap variation.
These groupings are outlined in Appendix B.
3.6.2 Methodology used for the analysis
Statistical analysis techniques, such as PCA, rely on set of known measurement
points, that are structured in a particular order. However, three dimensional point
cloud data is unstructured with a random high density of points. To perform
analysis on the data a known set of points must be extracted from the point cloud.
Since only the desired measurement point(s) and the unstructured point cloud
exists, a projection technique is used to place the measurement point onto an area
that would be the surface of the component. This projection can either be along a
predefined vector, usually perpendicular to the designed nominal surface, or along
the measured local normal of the point cloud information. Consequently, any
analysis performed on this data, will be a function of both the measured
information, and the projection technique used.
For the experimental and simulation studies performed, the projection method
used is based on the point cloud normal. This technique was selected because a
greater amount of dimensional information of the measured component is utilised
in the calculations; consequently allowing a better representation of the measured
component deformations. For the experimental data, this calculation was performed
using the functions incorporated into the Geomagic software. For the simulation
data, a Matlab program was developed to replicate this measurement technique,
before performing PCA. Additionally, each component from the simulations was
located on a virtual assembly in the same manner as a physical assembly. This
provided a consistent set of measurement points with a known order; both of the
requirements to perform PCA. Furthermore, the effective measurement technique
was the same.
To achieve the appropriate measurement, two steps were performed.
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1. The un-deformed FEA mesh was truncated to the top surface only. A
predefined three dimensional grid of 10 mm and the designed surface normal
directions were used to determine the closest finite element nodes to the
intended grid of measurement points. These were stored as node references.
2. For each simulation, the node references were then used to indicate the
measured normal direction from the deformed FEA mesh. Each point from
the grid of measurement points was then projected onto their respective plane
along the planes normal direction.
3.7 Chapter summary
This chapter has presented the methodology that will allow for in depth studies of
the issues identified in the literature and industrial context (Chapters 2 and 4). Key to
this is the development of an idealised structure that represents the industrial context
situation. This assembly is based on the change between a thin wall open section and
a thin wall closed section; however, it is extrapolated by an additional dimension.
This additional complexity lends the design to being suitable for studying the more
complex behaviours of structures observed in industry. This design is different from
existing research which, for the most part, considers simple one and two dimensional
structures, or takes a case study approach for a specific component.
Chapters 5, 6, 7 and 8 present the application and results of the methodology
described here to determine the effective use of join sequencing in compliant
assemblies to address the research question of this thesis.
Chapter 4
Industrial context
This chapter presents a particular industrial case study to develop a stronger
understanding of the issues identified in the literature, and to give context to the
work in this thesis. This case study was part of a twelve month placement within
the industry partner’s facilities. While there has been a significant amount of
research around compliant assembly, the majority of that research does not
represent the appropriate level of detail observed in an industrial setting because of
significant assumptions about the modelling process. While some researchers have
focused purely on case study approaches, which are useful in solving industry
problems, the case studies have been limited in their scope to that particular
assembly, and have been shown to have varying results when applied to other
situations.
In this chapter, an industrial context situation is presented and utilised to
identify production issues. Production history data are analysed using standard and
multivariate techniques, and compared against end-of-line assembly issues noted by
the production staff. Finally, a discussion is presented regarding the design of the
structure. This discussion presents opportunities identified in Section 2.5 of the
literature review to aid in dimensional control of the aforementioned assembly. The
discussion also provides an overview of the difficulties faced by production staff
which drive the industrial need that motivates this research and goes towards
addressing Objective 1 (see Section 1.3.2) of this thesis. The issues identified in this
chapter are then further developed and addressed in Chapter 5, and 8.
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4.1 Context description
A customer’s perception of quality is built on a number of factors. For automotive
applications, this perception is largely based on the fit and finish of a completed
assembly. For this work, a closure panel assembly of a production Sports Utility
Vehicle (SUV) with fitment variability at the end of the assembly line was selected.
The variability observed at the end of the assembly line caused changes in the gap
to the vehicle body along the side edges and an uneven flushness to the vehicle’s
roof-line. This was thought to be a result of uncontrolled twisting of the assembly.
The selected closure panel assembly represents a typical assembly observed on
the rear closure of many small to large production vehicles’. The selected assembly
is made up of five components: the inner panel, two reinforcement panels, the latch
bracket and the exterior panel. An exploded view of the closure assembly is
illustrated in Figure 4.1. The latch bracket is mounted to the inner panel, which is
the main structural component. The reinforcement panels extend down the sides of
the inner panel from the hinge locations; these assist in maintaining the stiffness of
the assembly down the thin sides of the frame opening, and support the hinge
locations at the upper corners of the closure assembly.
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Figure 4.1: An exploded view of the sheet metal components that combine together
to create the closure assembly for a production sports utility vehicle.
4.1.1 Process description
The closure assembly is constructed across four main assembly operations where
the five components are joined together. This section describes these phases of the
assembly process in detail. It then provides observation notes about the assembly
process.
1. The first stage of the assembly joins the latch bracket and reinforcement panels
to the inner panel; this is performed on two parallel assembly stations. The
parts are joined together with further re-spot welds added after release and
transfer to a secondary fixture. The re-spot welds are performed to allow access
to areas otherwise obstructed by the fixture holding the assembly. The inner
panel is located according to its primary pin and secondary slot control strategy,
along with a number of surface point locations. The reinforcement panels and
latch bracket are located in the same way via their location strategies, which
have been established relative to the main inner panel.
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2. The second stage of assembly begins with an adhesive sealant that is applied
along the outer edge of the inner panel to seal the exterior panel. The inner
panel is picked up using a robot and locates on the inner panel control
strategy. The exterior panel is picked up by a second robot and places it onto
the clinching, also known as hemming, die. The exterior panel is then placed
into a clinching die where the outer edges are hemmed together.
3. The next operation is the addition of the spot welds around the inner edge of
the window frame of the assembly. A robotic arm picks up the assembly from
the clinching die using a suction system. The assembly is then transferred to
another robot where the locating strategy of the inner panel is used. Four
clamps are then pneumatically applied to the periphery of the window
opening, near where the spot welds are performed, and where they will not
obstruct access for the welding operations. This robot then manoeuvres the
assembly to the necessary positions where a stationery, pneumatically
balanced spot weld gun is positioned.
4. In the final stage of the assembly process, the hinges are bolted to the completed
sheet metal assembly. The nearly completed assembly is mounted on to an
assembly stage, again located on the inner panel control strategy. The hinge
components are located relative to the assembly in their desired position. The
bolts are then inserted and tightened to a specified torque.
4.1.2 Assembly comments and notes
The assembly process was visually monitored to identify all the aspects of the
operations and any occurrences of variabilities or anomalies. Details of the process
that were explicitly noted for each operation include: their locating strategies;
component interactions during the operations; and the sequences used for the
joining operations.
The location strategy of the components is critical to maintaining a constant
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frame of reference throughout the assembly process. However, in some instances
this is not achievable due to physical restrictions of the assembly fixture and desired
operations. It was observed during the assembly process that at a number of points
of the assembly used an alternate locating strategy. This occurred at the transfers to
and from the clinching station to the joining process station.
Throughout the process a number of sequence-based joining operations were
performed. These included the joining of the reinforcement panels to the inner
assembly and the final joining sequence around the window frame opening. During
these operations, the sequences were asymmetric from left to right side of the
assembly. For example, the sequence and the number of welds performed to hold
the reinforcement panel on the left was different to that on the right. Similarly, the
sequence and position of the joins on the window periphery were also asymmetric.
The interaction between the component deviations and their associated variability
within the assembly process was identified here as the most significant observation.
In particular, it was observed that prior to welding the window frame loop, a gap
existed between the butt-jointed inner and outer panels. Based on the observations
there appeared to be a large amount of variability in this gap. There was an obvious
deformation in the assembly when the pneumatic clamps squeezed the inner and
outer panel together to hold the assembly during the joining operation. Further,
throughout the welding operations, the stationary welder appeared to stick in its
position and to deform the assembly more when squeezing the butt-jointed edges
together. When this occurred, the assembly would be pulled and would flex slightly
to one side. A similar sticking problem was observed at the clamps, where the clamps
on the upper edge of the assembly came into contact with the components before the
lower two clamps. In both of these cases it is believed that differing levels of friction
in the pneumatic equipment on either side and a pressure difference in the air line,
which would be difficult to maintain completely equal, caused these effects.
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4.2 Process deviations and variations
The particular assembly was selected due to issues identified with vehicle fitment at
the end of the vehicle assembly line, where the exact closure fit is checked.
Production staff identified that the closure assembly appeared twisted, and was
slightly angled compared to the roof-line. Based on these observations and those
from the analysis of the assembly process, the history data of the process was
analysed, first using a traditional univariate method and then by applying a
multivariate technique. This was performed with the aim of verifying the end of
line fitment issues with the identified assembly, but additionally illustrated the
limitation of standard univariate techniques.
4.2.1 End-of-line
The production history data represents the flushness of the outer edge of the
assembly while mounted on a measurement gauge. The data samples are recorded
at the end of each production shift, where a single assembly is inspected. As a
consequence of this measurement frequency, the variability level is on a run to run
basis and may not represent the level of variability throughout any individual run.
These are the standard production measurements.
Six measurements were taken on each completed assembly, with a record of 125
components available. Each of these measurements represents the flushness
measurement of the production closure to the ideal position. Figure 4.2 provides a
graphical illustration of their positions, the mean deformation and variation of these
measurements with their scale indicated by the relative vector magnitudes. This
visualisation of error vectors generated by calculations of mean and standard
deviation on each of the measurement points, illustrates the variability across the
top and from left to right of the assembly. With reference to the mean values, the
greatest issue appears to be a low section at the top right of the assembly.
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(a) Mean (b) Variation
Figure 4.2: Production history data from standard measurements representing mean
shifts and variation in these measurements. Relative vector size is indicative of
magnitudes.
Analysing the process capability across these points and determining the Cp and
Cpk values1 (Table 4.1), shows that while the process is not performing to the
required tolerance specification, it is also not within its mean target or the desired
variability limits for the process, depending on the measurement points. Using
these techniques, it is possible to determine when a limit is achieved; however, it
does not allow the end-of-line variability to be attributed to any geometric shape
issues in the assembly.
Table 4.1: Process capability and process capability index across 30 of the
measurements. Numbered measurements begin at the top right corner of the
illustrations.
Measurement point 1 2 3 4 5 6
Cp X.X X.X X.X X.X X.X X.X
Cpk X.X X.X X.X X.X X.X X.X
1Please see Appendix C
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As identified in the literature review (see Section 2.6), the covariant nature of
sheet metal components results in correlated data patterns. Although the points
are sparsely spaced across the geometry, correlations between them may be present.
Consequently, an understanding of the correlation between these measurements is
required to determine the scale of the observed deformations on the assembly.
An alternative possibility to the measurements being independent is that there
could be one over-riding variation pattern occurring; however, it is more probable
that there are a number of correlated patterns occurring. A common variational
tool, known as PCA (Section 3.5.1), was used to determine the correlation between
these measurements. This technique allows the extraction of a minimum number
of variables that represent a maximum of the variation in the data set. However, in
this instance, the key purpose of PCA was to visualise the observed patterns, and
therefore to build a context for the observable modes of deformation occurring in the
structure at the end of the assembly line.
When applied to the case study history data, in which six locations are measured,
84.2 percent of the variability in the data measurements can be represented by just
two variables, or coefficients of principal components. The direction of the principal
components can be used to determine the general data patterns observable in the
set of measurement points. These are illustrated in Figure 4.3 for the first three
modes. These dominant variations in the data are a drop in the upper right-hand
corner of the structure, accounting for 62.5% of the variability; and a twist of the
structure as a whole, along with a slight drop in the upper section of the frame,
accounting for 21.5 percent of the variability. In a practical context, these variation
patterns closely represent the areas of concern observable at the end-of-line, where
the complete assembly is fitted to the vehicle. Adjustments are often required to
obtain a satisfactory closure assembly fit in the production output.
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(a) (b)
(c)
Figure 4.3: Dominant variation patterns observed in the six measurement points. (a)
Mode 1, (b) Mode 2, and (c) Mode 3.
An important result of this analysis is the existence of two dominant variation
patterns amongst the measured data points. The contribution to variability, along
with the cumulative percentage, is shown in Table 4.2. While the first variation
pattern accounted for 62.5 percent of the variation, the impact of the second variation
pattern is still significant at the end of the production line where the final fit and
finish is checked on the vehicle. As adjustments are made to allow compensation
for one variation in the assembly, the second variation could be working against the
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production workers’ efforts to obtain a satisfactory fit. This is a physically observable
consequence of these patterns being independent.
Table 4.2: Variation modes, contributing variation percentage, per variation pattern
and cumulative variation.
Variation Mode Variation % Cumulative Variation %
1st 62.56 62.56
2nd 21.64 84.20
3rd 7.94 92.15
4th 5.78 97.93
5th 1.50 99.43
6th 0.57 100.00
Although the modes of variation, shown in Figure 4.3, illustrate the patterns of
variation, each assembly measured represents a different level of these variation
patterns. To graphically interpret their distribution, they were plotted in three
dimensional space for the first three variation modes. Density estimation techniques
were then applied according to the Kernel Density Estimate - Point Distribution
Model (KDE-PDM) (Matuszyk et al., 2010) (see Section 2.6), with the purpose of
determining the distribution of these measurement patterns and any possible
clusters within the set of points. This approach identified two very close clusters of
points within the studied 125 components; the result are shown in Figures 4.4 and
4.5. By numbering these points in reference to the order they were made, it was
apparent that these clusters represent variation across all components measured in
time and do not represent a mean shift in the data at some point in its history.
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Figure 4.4: Projected data points of the first three principal components of the history
data used with the KDE-PDM model applied to visualise the distribution of these
points.
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(a)
(b)
(c)
Figure 4.5: Data point history mapped against variation pattern: (a) Mode 1, (b)
Mode 2 and (c) Mode 3. Series of graphs showing the apparent random order of the
sample components signifying there was no step shift in the production history.
In this case, these history measurement data describe the observed production
variations well; although it should be noted that other variations in the physical
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assembly could be occurring that are not represented within the six measurement
points. This highlights two important aspects for consideration when taking
measurement data: measurement locations, and measurement density. The locations
at which these measurements are made dictate their ability to best represent the
geometric information of the part being measured. Not measuring enough points,
or measuring in the wrong areas, may result in important information not being
identified; conversely, too much data can take longer to acquire, be more difficult to
process, and contain unnecessary information. Therefore, the appropriate selection
of measurement locations to maximise the ability to detect critical geometric
qualities is important. This is a commonly observed issue in the production
environment, where the choice of measurement locations completely dictates the
success of the process control system to identify areas of concern.
4.3 Discussion
The presented case study has highlighted three areas that will form the basis for
the discussion here: design, variation, and control. All three of these topics are
interlinked with each other, in that each individual aspect will each impact, and be
impacted upon, by the other areas. The discussion is framed in this way because it is
these issues which formed the motivating industry factors that guided this research
and led to the development of Objective 1, 2 and 3 of this work (see Section 1.3.2).
A description of the design geometry will first be presented and it will be referred
back to while interpreting the observed variability and possible dimensional control
technique of join sequencing as identified in Chapter 2.
The principals of compliant assembly are guided by change in stiffness pre- to
post- joining which is a function of the geometry, when material properties are
constant. The stiffness ratio between and after an operation can be used to estimate
the resulting spring-back given an input deformation. Fundamentally, this is the
guiding principal behind the Method of Influence Coefficients (MIC) (Liu and Hu,
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1997b). In the presented case study, the geometry forms a fully closed loop around
the window periphery; however, the cross section of this loop remains an open
section up until the joining operation. This three dimensional structure has low
torsional stiffness prior to assembly, but becomes significantly stiffer post-assembly.
The analysis of the history-data and observations of the assembly process
resulted in two areas of observed variabilities in this geometry. Of primary concern
is the observed variability in the outer-skin to inner panel gap prior to the joining
operation. Unfortunately, the standard measurement locations utilised in industry
fail to capture this variability. Instead the focus is on the final resulting geometry
out of the assembly cell. This gives minimal opportunity for a root-cause diagnosis
of the observed end-of-line variation patterns. However, an interesting aspect of this
variation is that, by the nature of the joining operation the gap will disappear,
although it is not understood what the influence of this geometric change is on the
remainder of the structure.
Analysis of the history-data using multivariate techniques allowed for patterns in
the measurements to be related back to the identified fitment issues by production
staff. By further applying density estimation, the dominant variation mode that
accounted for over 62 percent of the variation appeared to cluster and result in a
bi-modal distribution. Since this distribution was shown to be completely random
through time, and did not occur as a shift at a specific point in time, the cause
of this distribution must be related to either issues with the panels, or some prior
assembly step. The most obvious possibility is the use of the two different inner built
stations. This possibility was confirmed at a later stage when these assembly fixtures
were measured, and a faulty locating support was identified. This faulty locater
was causing the panel to sit low in the upper right corner on one of the assembly
stations. While in time this will reduce one of the identified variability issues, it
does not account for the other independent variability mode which was identified:
twist. The twist mode may exist prior to assembly, although it may also be a result of
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the assembly operation and interaction with the gap variability discussed in Section
4.1.2.
The techniques applied in this work to visualise and understand the observed
deformations and variability are not common practice in process monitoring.
Additionally, since very little information regarding the nature of the variabilities
can be interpreted from traditional techniques, the use of more powerful
multivariate methods - such as the KDE-PDM (Matuszyk et al., 2010), multivariate
fault diagnosis control charts (Wärmefjord and Carlson, 2012) and visualisation
techniques (Wells et al., 2011) - shows significant promise for future production
engineers.
The most significant issue identified relates to the application of dimensional
control techniques to this assembly design. The literature review presented a
number of methods that can be used to minimise dimensional variability (see
Section 2.5); however, as discussed, most of these are limited in the possible scope of
their application due to cost or safety restrictions. A unique opportunity exists for
applying joining process sequencing to control the variation of the structure.
Although guidelines exist that propose sequences for variation reduction, they
relate to simplified one- and two-dimensional geometries that use two cantilever
beams as their basis. The guidelines are described as either joining from
fixed-to-free end (Hoffman and Santosa, 2003; Shiu et al., 2000) or, in contrast, from
weak-to-strong regions (Liu and Hu, 1995b). In the industry case presented, it is
difficult to interpret these guidelines given the complexity of the geometry,
specifically since the structure joins back onto itself and consequently does not have
a free end.
In effect, this structure represents a different class of geometry compared to most
other automotive assembly problems, as there is an additional degree of complexity
where the structure joins back on itself. This creates a case of shear flow around
the loop where stresses have a greater ability to build up and cause other geometric
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deformations around the frame. Existing research does not focus on what the initial
and resulting variations will be, just the reduction in variation. However, Matuszyk
et al. (2007) showed that for clamping sequences the ideal sequence varied depending
on the input variation. Therefore, the process of sequence synthesis when applied to
complex geometries, which are more realistic to industry needs, requires attention.
4.4 Chapter summary
This chapter has investigated the assembly process of a production closure and has
identified a number of issues surrounding the structural complexity, design
variability, and application of dimensional control techniques. The complexity of
the structural design goes beyond the simplified geometries researched previously
regarding dimensional control using sequence-based operations. Therefore,
understanding how the observed variabilities of structural twist and a gap in the
welded edge of the inner frame are influenced by the assembly process in such
complex assemblies needs to be addressed. Unfortunately, the application of
sequence synthesis guidelines cannot be directly applied to such complex
geometries and it is unclear what the relationship to different dimensional
variabilities would be.
These problems have not been addressed by prior research, and are a significant
issue in industry. Complex geometric cases are commonplace and the ability to
understand the relationship between design, variability and the application of
control techniques is required. These factors motivate this research, and provide the
reference questions that form three of the Objectives (see Section 1.3.2) that address
the aim of this research:
1. What is the applicability of different sequencing guidelines under alternative
design situations?
2. How do the sequence-based operations influence different forms of
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dimensional variability?
3. How can existing preferable sequences, such as that developed by Matuszyk
et al. (2007) for clamp sequencing, be extended to joining sequences in complex
geometry cases?
To investigate this in more detail, the simplified geometric case developed in
Chapter 3 will be used to study the influence of joining process sequences (Chapter
5). This will be done using both a simulation based approach and experimental trials.
Chapter 5
Joining sequence modelling results
Modelling the assembly of compliant bodies is a complex task, primarily because of
the interactions between the components, fixture elements and joining tool during
the sequenced operations. It is the non-linearities from these interactions, along with
geometric non-linearities, that result in the sequence dependence observed on the
plant floor. A useful tool to model this behaviour is FEA, in which the compliant
body of the sheet metal component, the rigid fixture, and joining equipment can
be represented along with their respective contact conditions. A time history of
the component’s stresses and deformations can be generated as each operation is
performed for the joining process.
This chapter investigates the evolution of a compliant structure in order to
understand the impact of joining sequence operations during assembly. Key to this
idea is an understanding of the structural design and the incoming variability that
the joining sequence operations can either propagate or suppress. As highlighted in
Chapter 4, structural twist of a closure assembly is an issue for correct fitment. As
such, this chapter utilises the structural topology developed in Chapter 3 to model
the impact that the joining operations have on particular incoming variations with
the purpose of addressing Objective 2 of this dissertation (see Section 1.3.2).
Because of the magnitude of possible combinations when studying sequence
problems, particularly in combination with contact-based FEA and variation
studies, not all combinations can be simulated. Consequently, this chapter serves as
an exploratory study into the influences of the joining operations given two possible
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incoming variations: twist and butt-joint gap.
Every manufactured component deviates from ideal. In stamped sheet metal
components a twist or bow can occur, or the deviation may be more localised, such
as a ripple or a crease. In other instances, a part may not draw to the desired depth
due to variations in the stamping process. This can result in a further issue when
performing assembly, where a mismatch between the edges of the components
results in a gap where joining is to occur. Though it may appear minor when
measured prior to assembly, a deformation such as this can have significant
implications for quality after assembly.
If the component or operations are not ideal, throughout the assembly process,
the interactions between the sequence of operations and the geometry of the
component results in stresses being built up throughout the component. As a
consequence, when the component is released, these stresses will attempt to relax;
potentially resulting in a large geometric deformation. Variations in these
deformations are commonly referred to as variation patterns. These variation
patterns are often highly correlated due to the covariant nature of a sheet metal
surface. Two type of deformations, and variations in these, will be studied in this
work: a pre-applied structural twist, and the butt-joint gap in the opening around
the interior of the window frame. As discussed in Section 3.5.1, PCA will be used to
analyse the impact of these applied variations on the resulting geometry.
An initial study is presented that examines the impact of the sequence on the
outgoing variation for the two modes of incoming variability: twist and butt-joint gap
(Section 5.1. Variability in the gap is then examined in more detail using a larger set
of potential sequences (Section 5.2). Finally, for a reduced set of these sequences, the
fixture clamp sequence is also incorporated to develop an understanding of process
interactions on the output (Section 5.3).
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5.1 Simulated influence of incoming dimensional variation
patterns
Chapter 4 identified two deformations as being of concern to assembly variability:
the gap around the frame and initial input twist deformations. As outlined in the
Research Methodology (Chapter 3), this initial study examines the influence of
joining sequence on these incoming deformations. Five different joining sequences
were performed on three levels of these gap deformations and across five twist
measures (positive and negative). This allows for the identification of the
deformation which impacts the variability between different sequences most
significantly.
Due to the small sample number in the study, a point distribution model
approach was taken. Using the input shape deformation of twist, a simple
one-dimensional model was created for mapping the resulting samples. The results
from each of these cases and the resulting twist component magnitudes are plotted
in Figure 5.1. The secondary vertical axis represents an equivalent structural twist
angle in degrees. The results for the gap variation study that investigated the same
sequences are shown in Figure 5.2.
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Figure 5.1: Mapping of resulting twist for each joining sequence against the
spring-back twist. Twist scale provided as a measure of the principal component
and angular representation. Secondary y-axis detailing the equivalent flushness
difference from left to right caused by the degree of structural twist.
Figure 5.2: Mapping of resulting twist for each joining sequence based on the gap
input deformation. Secondary y-axis detailing the equivalent flushness difference
from left to right caused by the degree of structural twist.
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5.1.1 Summary
The results from this study on incoming component variation patterns show that
the joining sequence has a larger impact on resulting geometry of twist when a gap
is present than does any initial twist deformation. For the simulations in which
pre-twist was applied, even though the structure became stiffer after assembly, the
amount of spring-back was approximately half that which would be expected given
the increase in structural stiffness. In addition, the difference between each of the
sequences was relatively small when compared to the influence of the gap input
variation on the resulting geometries. Consequently, the focus for the second set
of simulations is to further investigate the impact of joining sequences on the gap
deformation input. This is discussed in Section 5.2.
5.2 Influence of joining process sequence on joint gap
variation
Due to the qualitative nature of sequences, they must be thought of as a categorical,
rather than a numerical, input variable. As a result, sequence selection was based
on a variety of conditions and known practices in industry. In total, 30 different
joining sequences were selected. These included: welding clockwise and
anticlockwise around; alternating sides; welding towards the clamps and welding
away from the clamps; a number of randomly generated sequences; and general
practices from industry. For example, one common industrial practice is to begin by
joining the extremities of the components to ’lock’ the geometry before continuing
to add the remaining joins (Table 5.1).
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Table 5.1: Tabulated descriptions of different joining sequence trends used in the
simulated study.
Sequence
classification
Description
Geometric based
Clockwise and anti-clockwise
Alternating sides
Stiffness based
Towards clamps
Away from clamps
Industry techniques
’Lock’ extremities and fill
Join
Randomly generated
No intended relationship between join
position and structure
The gap between the welded edged was varied between two and eight millimetres
in one millimetre increments; thus the gap was effectively 1.25 to 7.25 millimetres
after taking into account the material thickness of 0.75 millimetres, as used in the
simulation. This gap range was selected because it completely encompasses, and
slightly extends, the gap range observed in a production environment.
For this set of simulations, the clamps were set to close simultaneously. This is the
option commonly performed in industry, because it reduces processing times and is
believed to eliminate the added complexity of an additional clamp sequence variable.
Principal Component Analysis (PCA) was performed individually for each gap
level across all sequences. This was done to investigate the influence of only the weld
sequence, keeping all other conditions constant. In most cases the first three variation
modes accounted for over 97 percent of the variation, as shown in Table 5.2. Further,
for each input gap level, these first three variation modes were all close to identical.
Based on these findings, the entire data set was used and PCA was performed. This
provides a constant basis to allow direct comparison of sequences and gaps. The
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resulting patterns from this analysis are illustrated in Figure 5.4.
Table 5.2: Individual principle component contributions for each weld sequence and
gap level.
Weld gap(mm) PC 1 % PC 2 % PC 3 % Sum
2 69.26 17.85 6.72 93.83
3 75.76 17.14 4.38 97.28
4 80.80 13.21 3.35 97.36
5 84.55 10.57 2.69 97.81
6 87.74 8.14 2.11 97.99
7 90.73 5.58 1.49 97.79
8 92.34 3.66 1.15 97.15
When all components were included, the most dominant variation mode was
based on the welded edges bending into each other for the varying gaps. This is
a consequence of the initial structure design and the input gap deformation; the
different gap sizes require different amounts of deflection for complete closure of the
welded edge, which PCA identified as a variation. For the purposes of this work, this
variation mode has been removed because it is an expected byproduct of the input
conditions, this is illustrated as a cross-section in Figure 5.3. The percentage variance
of each variation mode for the complete data set, before and after removal of mode
1, is shown in Table 5.3.
§5.2 Influence of joining process sequence on joint gap variation 88
Table 5.3: Contribution of variation modes for 30 different weld sequences and 7 gap
input variation levels.
Variation Mode Variation % Variation % (Disregarding Mode 1)
1st 95.82 -
2nd 3.56 84.98
3rd 0.27 6.36
4th 0.19 4.50
5th 0.07 1.74
6th 0.02 0.37
Sum 99.91 97.94
(a) (b) (c)
Figure 5.3: Cross section of deformed input gap variation at: (a) 2 mm, (b) 5 mm and
(c) 8 mm. This represents the primary variation mode in the extracted data which is
neglected for this study.
Assembly twist was identified as the second greatest variation (Figure 5.4(b)).
This variation mode accounts for approximately 85 percent of the dimensional
variation of interest in the assembly. This form of variation is significant in closure
assemblies, where incorrect flushness and increased closing efforts can occur. This
variation mode is the focus of this work. The remaining four variation modes do
not appear to contribute significantly to the data set. However, in each of these cases
the overall geometric deformation of the component occurs in the naturally
§5.2 Influence of joining process sequence on joint gap variation 89
compliant directions of the component, as with twist. Some noise exists in these
modes due to the ripples which occur primarily around the joined edge.
(a) (b)
(c) (d)
(e) (f)
Figure 5.4: Extracted variation mode vectors across all simulated sequences and gap
variants: (a) Mode 1, (b) Mode 2, (c) Mode 3, (d) Mode 4, (e) Mode 5 and (f) Mode 6.
5.2.1 Impact on twist
A mapping was created between the magnitude of the second principal component
projected data and the gap variation mode to evaluate the influence of the different
sequences on this dominant variation mode. This mapping is presented in Figure 5.5
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for six selected weld sequences that are used in the next set of simulations (Section
5.3). These six sequences represent a spread of the observed variability in twist
across all sequences. In this instance, the mapping is near linear and illustrates a
direct relationship between an increase in the gap variation pattern and an increase
in the measure for structural twist.
Figure 5.5: Mapping of the second principal component for the selected weld
sequences across all gaps.
Since the mean shape across all sequences and gap variations does not consist of
a mean twist deformation, as illustrated in Figure 5.6, then a zero coefficient of the
principal component represents no twist. Consequently, depending on the sequence,
the component twist can be directed in either a positive or a negative direction.
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Figure 5.6: Mean geometry from all simulations with colour-map illustrating
divergence from nominal. Illustrated as reference for the principal component
magnitudes. Ten times deformation shown.
To illustrate the impact of this mapping, an indirect Monte Carlo (MC) simulation
was performed (Figure 5.7). Since the nonlinear contact simulations employed in this
work are computationally expensive, it was not plausible to perform the hundreds of
iterations required in a direct MC simulation. Therefore, in this work, the mapping
in Figure 5.5 was used. The resulting twist mode distributions were determined for
a gap input distribution with a mean of three millimetres and a standard deviation
of 0.5 millimetres (Figure 5.7).
Figure 5.7: Distributions for the selected curves based on the input distribution with
a mean of three millimeters and standard deviation of 0.5 millimeters.
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This simple example with the near linear mapping shows the corresponding
relationship between mean and standard deviation that occurs in simultaneous
clamping on the resulting twist output.
5.2.2 Impact on other patterns
To further understand the performance of the weld sequences, they were classified
into three groups. These groups represent the ability of the weld sequence to induce
the twist variation mode across all gaps. To illustrate the grouping, an altered version
of Figure 5.5 with all sequences is presented in Figure 5.8. Those sequences that
induce the greatest twist in each direction each formed one group, and those that
impacted minimally formed the third. This is illustrated in Figure 5.8, with the
highlighted sections showing the three groupings.
Figure 5.8: Mapping of principal component 2the second principal component (twist)
for all weld sequences across all gaps.
A comparison between the second principal component and the lower order
variation patterns highlighted a significant relationship between particular principal
components. Specifically, sequences that induced less twist had a greater presence
of the sixth variation pattern (Figure 5.9).
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Figure 5.9: Comparison of principal components 2 and 6 with the weld sequence
groupings illustrated based on twist.
Although the PCA technique identifies the most independent correlated patterns
within all the data, the dominant modes represent the greatest variation in the
entire data set. However, for any individual sequence, there is a strong non-linear
relationship between the second (twist), third and fourth principal components,
illustrated in Figure 5.10.
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Figure 5.10: Plot of principal component coefficients for the second, third and
fourth components. Graph depicts the strong non-linear relationship each individual
sequence has between the patterns. A single line representing a weld sequence, with
the points representing the simulated gap level.
The implications of this are more evident when classification techniques are to be
applied. In such instances, linear classifiers will not be effective and either non-linear
classification needs to be applied, or alternatively, kernel based PCA methods could
be used.
5.3 Interactions between clamp and joining sequences
The final set of simulations incorporates the addition of the clamping sequence as a
variable. Six of the joining sequences from the second study were selected that best
represent the range of outputs observed. These were then run on a selection of the
clamp sequences. Since many clamping sequence permutations are similar to each
other due to the symmetry of the design, and because only 24 possible clamping
sequences exist for the four clamp configuration, a total of six of the clamping
possibilities were selected that offer as broad a range of combinations as possible.
The same gap variations were maintained.
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When clamp sequence is also considered, the dominant variation mode of twist,
observed in Section 5.2, accounts for a greater percentage of the total variation
(Table 5.4). However, it is important to note that this is data dependent and since a
different data set was used the value of the principal component coefficient will be
different. The lower order variation modes now contribute significantly less to the
total variation and do not represent the compliant directions of the component as
closely as previously observed (Figure 5.11).
Table 5.4: Contribution of variation modes for six different weld sequences, six
different clamp sequences and seven gap input variation levels.
Variation Mode Variation % Variation % (Disregarding Mode 1)
1st 85.40 -
2nd 13.82 94.67
3rd 0.30 2.04
4th 0.13 0.86
5th 0.11 0.73
6th 0.07 0.49
Sum 99.82 98.79
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(a) (b)
(c) (d)
(e) (f)
Figure 5.11: Extracted variation mode vectors across all simulated weld and clamp
sequences, and gap variants: (a) Mode 1, (b) Mode 2, (c) Mode 3, (d) Mode 4, (e)
Mode 5 and (f) Mode 6.
When clamping sequence is considered, the response of the twist principal
component becomes non-linear, as shown in Figure 5.12. Additionally, each
clamping sequence influences the curvature differently.
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(a)
(b)
(c)
Figure 5.12: The second principal component mappings for each clamp sequence: (a)
Sequence 6, (b) Sequence 7, (c) Sequence 14, (d) Sequence 20, (e) Sequence 21 and (f)
Sequence 22.
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(d)
(e)
(f)
Figure 5.12: The second principal component mappings for each clamp sequence: (a)
Sequence 6, (b) Sequence 7, (c) Sequence 14, (d) Sequence 20, (e) Sequence 21 and (f)
Sequence 22.
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Although each clamping sequence results in a non-linear response, in comparison
to the joining sequence is less significant on the resulting output variability.
5.4 Discussion
The initial study analysed the effect of the joining sequence on the input
deformations (Section 5.1). Two different deformations and variations in these were
considered. There was an observable difference as a consequence of different
sequences in both cases. However, the impact of the sequence on the pre-twisted
components was relatively minor, accounting only for a slight shift either upwards
or downwards of the expected geometric position. In this case the expected position
was based on the ratio of stiffness pre- to post- joining (Section 3.2.1), which for this
structure was 2.15:1.
When the gap deformation was considered (Section 5.2), different joining
sequences had a much larger impact on the output geometry. Depending on the
sequence, the structure can be twisted negatively or positively to magnitudes within
the same range of twist specified as an input in the pre-twist simulations. In the
second simulation study, which used a greater number of sequence alternatives, it
was shown that different joining sequences can induce a significant number of
variation patterns. While the dominant mode of variation observed was the twist
deformation mode, other patterns also occurred. Some of the extracted patterns
failed to occur in the presence of other particular variation patterns. Specifically, a
negative occurrence of the sixth principal component significantly reduced the
potential for the second principal component (twist). This is likely a result of the
structure becoming geometrically locked into this geometry which is significantly
stiffer in torsional rigidity. Consequently, when released from the clamps, the
structure cannot spring-back along this direction.
Of these pre-applied twist and joint gap input deformations, the pre-applied twist
had comparatively little impact while the joint gap resulted in a significant increase
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in new variation patterns of the structure. Therefore, a distinction will be made here
between these two broad classes of input variation modes, as follows:
1. Suppression mode - A deformation or variation pattern that can be reduced
during assembly by the physical increase in stiffness.
2. Inducing mode - A deformation or variation pattern that will not exist itself
after assembly, but will induce new deformations or variation modes.
When comparing the influence on structural twist for weld sequences and
simultaneous clamping, there was a near linear relationship observed across the
data set for twist. This fact represents a unique opportunity when studying
variations in compliant assemblies since, at a minimum, only two simulation points
are required. However, once the addition of the clamping sequence is considered,
the relationship becomes non-linear. This could be a consequence of the stresses
that build up from the clamping sequence, combined with the slight geometric
differences after clamping. When the joining operation sequence is then performed,
the additional stresses interact with those induced in prior stages, in some cases
cancelling out the internal stresses and reducing the spring-back, and in other cases
increasing the stresses and the spring-back, depending on their location.
5.4.1 Notes about pattern analysis
Since PCA is a data-based analysis technique and in this instance was performed
across only the executed sequences, which may not be a representative set of all
possible combinations, the identified patterns may be weighted by poorer performing
sequences and in particular their ability to induce twist. However, for sequences that
induce significantly less, or close to no twist, a different dominant variation pattern
is observed. Consequently, while the patterns extracted represent the variation in the
complete set of data, they may not represent the variation patterns observable for a
particular sequence grouping.
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Throughout this discussion, reference has been made to a set of patterns being
induced by a sequence; however, in practice only one particular variation pattern will
be induced by a particular sequence. Since many different sequences are analysed
for comparison in the data set, PCA will find the most correlated patterns across all
the data. In essence, PCA identifies twist as an individual mode as it represents the
greatest commonality of variation patterns across all true output variation patterns
from different sequences.
The extracted variation patterns would converge on the natural compliant modes
of the structure when a greater number and variety of sequences are simulated.
The opposite of this was observed when the clamping sequence simulations were
analysed; since fewer simulations with greater similarities were present in the data
set. The data were weighted towards patterns that did not represent the same range
of deformations from the simultaneous clamping simulations. Consequently, the
third to sixth modes appeared to be more random and noisy.
The second principal component appeared linear for simultaneous clamping,
but non-linear for the sequenced clamping simulations. However, the data that were
used in each analysis were different; therefore, it is also possible that the extracted
modes of twist were not identical, in which case the linearity is not comparable
between these situations. The influence of non-linearities extends beyond
comparing the two data sets. If a single sequence is considered within one of these
data sets, with its respective set of induced patterns, Figure 5.10 illustrates that, for
any particular sequence, a non-linear relationship to the other extracted patterns
exists. This is undesirable for PCA as it inhibits the potential application of linear
classifiers to partition data successfully (Cootes et al., 1992). The remains important
despite the fact that in this work, only one of the principal components is
considered for comparison.
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5.4.2 A preferred sequence
From the simulated welding sequences, it was observed that sequences that alternate
between opposing sides achieved a smaller deviation and variation in the measured
twist than sequences that proceeded around the frame, clockwise or anticlockwise.
The twist variation mode caused by a joining sequence was also found to depend
on the starting location of the sequence. The joining sequences that started at the
clamps and moved towards less supported areas achieved the smallest mean shift,
with less variation of the dominant variation mode. This finding is similar to prior
research on sequence synthesis that stipulates that the sequence should be performed
from fixed-to-free ends (Hoffman and Santosa, 2003; Shiu et al., 2000). Conversely,
the sequence of greatest similarity to that proposed by Liu and Hu (1995b), which
stipulates the sequence should progress from weak-to-strong, induced a greater level
of twist than the preferred sequences in this work. Importantly, twist was the most
dominant variation in this work, and was used as the performance measure. This is
different to prior work on joining process sequencing, in which no specific pattern
of variation was considered. It is possible that for a different pattern or measure of
variation, the desirable sequence synthesis approach may vary.
5.5 Chapter summary
A key finding of this work is an extended generalisation of the current idea of
welding or clamping from the fixed to free end. The simulations in this chapter
have shown that in a more complex situation where the structure loops back onto
itself, the sequencing guidelines should more accurately be stated as follows:
The joining and clamping sequence should be specified with respect to the stiffness
of the structure and should be performed from the most rigid area of the assembly
towards the least rigid.
To extend this idea further, the current state of the assembly must be considered.
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That is, when considering which join to place next, all prior joins, if any, along with
the fixture clamping system, must also be considered. However, it is noted that this
depends on the measure used to evaluate dimensional variability.
This chapter also highlighted the ability of the sequence to induce different types
of variability in the output variation, in the presence of particular input variability.
Consequently, in determining if the weld sequence will have an influence on the
production, there needs to be a specific form of deformation or variation pattern
present for the sequence to be used for dimensional control purposes.
This chapter has addressed Objective 2 (see Section 1.3.2) of this thesis by
developing an understanding of the relationship between incoming and outgoing
variations as a function of the assembly process, with consideration for both the
clamp and joining process sequence. In doing so, it has also provided valuable
information that begins to address Objective 3. Objective 3 will be addressed further
in Chapter 6, where observed joining sequence trends will be analysed in greater
detail, and under a variety of conditions. The findings of these chapters will then be
developed for application in a sequence synthesis approach (Chapter 7).
Chapter 6
Beam based sequence analysis
considering internal stresses
To address Objective 3 of this thesis, and more rigourously determine the
requirements for optimal sequence selection, this chapter presents an investigation
into the analysis of sequences using a two dimensional finite element model. Two
areas of analysis are considered here: modelling assumptions and input variables.
An increased number of factors are considered in the sequence analysis process
compared to prior works, which reduces the modelling assumptions to improve the
accuracy of the analysis. The importance of stress build-up is illustrated through a
comparison of two models in a cantilever situation (Section 6.1.1): in the first, there
is no transfer of residual stresses between joining operations; in the second, stress
build-up is considered between the joining operations. The influence on the
geometric deviation and variation is compared for these two models.
Two input geometry cases are then considered during the analysis process: a
cantilevered beam situation as presented by prior researchers (Liu and Hu, 1995b;
Shiu et al., 2000; Hoffman and Santosa, 2003), and a polygon geometry case that is
based on the loop geometry used throughout this thesis (see Section 3.2.1). The
polygon geometry case contrasts the standard case used by researchers, by
highlighting the importance of structural design, and further emphasising the
importance of considerations for internal stress build-up on the sequencing
problem. To identify sequences that have the greatest robustness to input variations,
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a number of different variation patterns are investigated. A robustness evaluation
index is presented and applied to the sequencing results to determine the preferred
robust sequence (Section 6.2.1). A clamping operation is then combined with the
polygon sequencing problem to determine the influence of the built-up stresses on
the spring-back geometry (Section 6.4.2). A discussion is then provided regarding
the end goal of determining the requirements of a sequence synthesis methodology
considering robust sequence selection, and the relationship between this and prior
analysis results (Section 6.5).
6.1 Background
In Chapter 2, the limitations of sequence synthesis works and their respective
sequence analysis foundations were identified. Chapter 5 demonstrated preferred
sequence trends qualitatively; however, since this model is too complex to execute
all possible sequences and determine the properties of a robust sequence, two
dimensional beam based simulations will be used.
Three simulation variables are considered in this work: joining sequence,
variation pattern inputs, and the design of the structure. Figure 6.1 illustrates these
three variables, and their interactions, to be considered during sequence analysis for
developing a synthesis methodology. Additionally, the modelling considerations are
identified, and their relationship to the joining sequence highlighted.
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Figure 6.1: Analysis assumptions and relationships between joining sequence,
variability and structural design.
To illustrate the contrast between this work and prior research, the aspects
relating to the modelling for sequence analysis are presented in Table 6.1.
Table 6.1: Summary of sequence analysis works for developing sequence synthesis
methodologies.
Author
Joining sequence modelling Variation
patterns
Design
casesSpring-back Step history Deformation
Liu and Hu
(1995b)
Stiffness ratio Geometric 2D linear One One
Hoffman
and Santosa
(2003)
Energy
recovery
Geometric 2D linear One One
Shiu et al.
(2000)
Stress
minimisation
Internal stress 1D linear One One
Wärmefjord
et al. (2010b)
Stiffness ratio Geometric
3D Contact
Non-linear
Unknown
Multiple
Industrial
This work
Energy
recovery
Geometric &
internal stress
2D Geometric
Non-linear
Three per
design
case
Two
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6.1.1 The importance of internal stress build-up
Throughout each joining operation the part is deformed, the stiffness is modified
and the part then undergoes spring-back where it will return to a new position
based on the applied forces and new geometric stiffness. However, residual stresses
remain in the structure that can also impact future operations. This is commonly
neglected in works on dimensional variability in compliant components, although it
can have a significant influence on the resulting geometry. A comparison is made
here for a cantilever geometry (Figure 6.2) using three different input variation
patterns. For further details on this geometry and input patterns, please refer to
Section 6.3.1. Two sequences are considered for the purpose of illustrating this
influence, the fixed-to-free and weak-to-strong methodologies. As discussed in
Chapter 2, the weak-to-strong methodology could more appropriately be termed
least-to-most stiff. The mapping curves, as presented in Chapter 5, are used to
compare the results of sequences against the input deformation.
Figure 6.2: Two dimensional, two beam sequencing problem with exaggerated
example deformation.
When the sequences were applied, with and without internal stresses being
considered between each joining operation, the impact on the resulting geometry
varied. For sequence 1-2-3-4, the sequence proposed by (Shiu et al., 2000) to
minimise stress build-up, there was minimal difference. Both of these curves are
illustrated on Figure 6.3; however, they overlap and appear as one line. When
sequence 4-3-2-1 was performed on this variation pattern, the effect of stress
build-up was more noticeable.
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Figure 6.3: Comparison of analysis by considering stress build-up and without stress
build-up. For variation pattern one, refer to Figure 6.8 (a).
For the second variation pattern, the influence of stress build-up was more
apparent for sequence 1-2-3-4 (Figure 6.4). Previously, it would be expected that the
end deflection of the beam would be negative, but, with stress build-up considered,
the end deflection is positive.
Figure 6.4: Comparison of analysis by considering stress build-up and without stress
build-up. For variation pattern two, refer to Figure 6.8 (b).
The greatest influence was observed for variation pattern three; in particular for
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sequence 4-3-2-1, which has a strong non-linear response of the end deflection given
varying input deformation (Figure 6.5). In this instance, a minima was observed for
this response mapping within this domain. Without stress build-up considered, the
difference between the two sequences is less significant, and suggests a preference for
a different sequence. A comparison between the final geometries of the component,
for variation pattern three, is shown in Figure 6.6.
Figure 6.5: Comparison of analysis by considering stress build-up and without stress
build-up. For variation pattern three, refer to Figure 6.8 (c).
Figure 6.6: Comparison of final geometric positions by considering stress buildup
compared to without stress build-up for variation pattern three.
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Depending on the variation pattern, and the sequence, the dimensional response
of the structure can be significantly influenced by incorporating internal stresses and
their build-up during the assembly process. For this reason, this factor will now be
considered in combination with structural changes and a variety of input variables,
for a more holistic view of the assembly joining sequence analysis process.
6.2 A two dimensional joining sequence problem
To develop the sequencing synthesis problem in more detail, several
two-dimensional cases are considered: two cantilevered beams - a common
approach to the sequence synthesis problem; and a polygon structure which
represents the situation observed in the industrial case study (Chapter 4) and is
used to explain the observations from Chapter 5. Four joins are incorporated into all
of the situations studied here, totaling 24 possible joining sequence possibilities. A
summary table presenting all the simulations is shown in Table 6.2. For each
geometry case, variation pattern, and sequence, a mapping curve was created from
the input variation level to the considered output metric. The end point deflection is
considered for the cantilever beam and the Hausdorff distance for the polygon
structure. In both cases the measures are made relative to nominal.
Table 6.2: All two dimensional beam assembly problems simulated.
Geometry
Case
Variation
patterns
Lower
magnitude
Variation
step
Upper
magnitude
Possible
sequences
Cantilevered
beam
assembly
Three 0.5 0.5 10 24 (4!)
Polygon beam
assembly
Three -5 0.5 5 24 (4!)
The two-dimensional finite element model was established to analyse the
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sequencing problem using ABAQUS/Standard. Similar to the simulations
presented in Chapter 5, a step-based approach was taken for each assembly
operation; allowing the stress state of the assembly throughout the entire process to
be considered. A hybrid cubic beam element was used to model the beam elements.
The hybrid formulation is ideal for situations of either very high or low stiffness,
such as sheet metal components. The three node formulation aimed at better
representing the geometric continuity of the freeform surface of a sheet metal
component for the beam element estimation. Non-linear geometric conditions were
incorporated by activating the NLGEOM flag - as discussed in Chapter 3, Section
3.3. Consequently, the model incorporates geometric non-linearity, stress build-up
and geometric structural change conditions. All of these aspects have only been
represented individually in prior work used to perform sequence analysis for the
sequence synthesis problem. The only aspects not considered in the work here are:
contact between the beams and potential tooling elements, and thermal stresses if
the joining process was through spot welding. However, for the purposes of this
analysis, these factors are not deemed significant. In the first instance, this is
because no additional tooling elements that may result in boundary condition
discontinuities are considered, though it is noted that part-to-part interactions may
have an impact on the result. In the second instance, thermal considerations are not
included as a generic approach is sought, which can be equally applied to spot weld
sequencing or riveting joining process sequencing.
6.2.1 A sequence variation robustness index
To compare the sequences, an index for their robustness needs to be determined. The
variation robustness index used here is a measure of the total variation resulting from
a given sequence for a particular input deformation. The mapping curves for input
to output variation are used in the creation of the robustness index. As illustrated in
Figure 6.7, the resulting output distribution from a particular input distribution is a
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function of the slope of the curve.
Figure 6.7: Example mapping of two different sequence curves given a particular
input distribution.
To evaluate the sequences’ ability to minimise output variation, the derivative of
the mapping curve was determined and the integral of the absolute value of the
derivative curve evaluated across the domain in question as a measure of the
variation robustness. This is represented in Equation 6.1.
R =
∫ b
a
∣∣∣∣∣d fm(x)dx
∣∣∣∣∣ dx (6.1)
Where the function fm(x), represents the mapping curve. In cases where fm(x)
is monotonically increasing or decreasing within the domain, then Equation 6.1 is
reduced to Equation 6.2.
R =
∫ b
a
∣∣∣∣∣d fm(x)dx
∣∣∣∣∣ dx
=
∣∣ fm(b)∣∣−∣∣ fm(a)∣∣
= fm(b)− fm(a)
(6.2)
The lower the robustness index, the more robust the sequence is to the given
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input variation. This measure will depend on the domain analysed. In this work,
it is the entire mapping domain. This is acceptable for the purposes here as the
measure is used to evaluate robustness, and consequently the domain will be kept
broad and not limited to a specific region. For a monotonic curve only two points are
required to determine the sequence robustness for comparison across the complete
domain. However, a greater number of simulations was performed to create a more
accurate mapping curve, and to ensure that a meaningful robustness measure is still
provided in the instance that the mapping curves are not monotonic. If knowledge of
the input distribution is available, then re-evaluating the robustness index, to within
an appropriate domain, may show that a different sequence is preferable. This will
be discussed further in Section 6.5.
6.3 Beam assembly joining sequence results
6.3.1 Case 1: Cantilevered beams
A common simplified situation for the sequencing problem involves two assembled
beams with a fixed end. A four join configuration was analysed with the end point
deflection used as the quality measure for the cantilevered beam assembly. A
mapping curve based on the input deformation magnitude to the end point
deflection was generated and used for sequence robustness evaluation.
The three input deformations, or variation patterns, applied to the beam
sequencing are illustrated in Figure 6.8. These variation patterns were selected
based on the amount and location of deflection. The first pattern (Figure 6.8 (a)), is
an initial end deflection of one of the cantilever beams, and is similar to the
deformation studied by (Liu and Hu, 1995b). In the second pattern (Figure 6.8 (b)),
the major deflection from nominal was centered along the two cantilever beams; this
is similar to the deformation studied in Hoffman and Santosa’s work(2003). For the
third pattern (Figure 6.8 (c)), a combination of a constant deflection near the centre
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node and variation in the initial end deflection was used.
(a)
(b)
(c)
Figure 6.8: Variation patterns studied in the cantilever beam assembly sequencing
problem. (a) Variation pattern 1, (b) Variation pattern 2, and (c) Variation pattern 3.
Although all sequences were simulated, only certain sequence results are
presented here1. The results presented represent the best and worst performing for
each variation pattern, in addition to the sequences that prior studies propose as
optimal. The robustness index was calculated for each of the sequences and
variation patterns.
For the cantilever configuration, a different sequence was most robust for each
variation pattern studied. For variation pattern one, the optimal sequences are any
that begin with the fourth join; the end join, or free end. Figure 6.9 illustrates the
selected sequences and the divergence of the mapping curve for the sequences 4-3-
2-1 and 4-1-3-2. This is a comparable result to the findings by Liu and Hu (1995b),
where it was proposed that the joining sequence should be performed from weak-to-
strong (4-3-2-1). However, two of the other sequences that begin at join four slightly
outperform sequence 4-3-2-1. Additionally, sequences that began at the first join near
the fixed end performed in the mid-range, when based on Liu and Hu’s findings
1For further results, the reader may wish to refer to Appendix E.
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(1995b), these should have been the worst performing.
A summary table of sequence performance for the best and worst sequences, and
the fixed-to-free and weak-to-strong strategies is presented in Table 6.3.
Table 6.3: Robustness measure for selected sequences based on given input variations
for the cantilever geometry. The calculated robustness measure indicated in brackets.
Sequence
classification
Variation
pattern one
Variation
pattern two
Variation
pattern three
Best
4-1-3-2 (3.96) 2-1-3-4 (0.04) 4-2-1-3 (1.38)
4-1-2-3 (4.00) 2-3-1-4 (0.04) 4-2-3-1 (1.38)
4-3-1-2 (4.01) 2-3-4-1 (0.04) 4-1-3-2 (1.44)
4-3-2-1 (4.01) 1-4-3-2 (0.11) 4-1-2-3 (1.52)
4-2-3-1 (4.02) 1-2-3-4 (0.18) 4-3-1-2 (1.57)
4-2-1-3 (4.02) 1-2-4-3 (0.25) 4-3-2-1 (1.59)
Worst
2-4-3-1 (4.79) 3-4-1-2 (2.24) 2-4-3-1 (5.49)
2-1-4-3 (4.79) 3-1-4-2 (2.24) 2-4-1-3 (5.46)
2-4-1-3 (4.79) 3-4-2-1 (2.23) 2-1-4-3 (5.46)
1-2-4-3 (4.79) 3-2-4-1 (2.22)
1-2-3-4 (4.76)
Weak-to-Strong 4-3-2-1 (4.01) 4-3-2-1 (0.53) 4-3-2-1 (1.59)
Fixed-to-free 1-2-3-4 (4.76) 1-2-3-4 (0.18) 1-2-3-4 (4.73)
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(a)
(b)
Figure 6.9: Mapping curve (a) and mapping curve derivative (b) for the first variation
pattern.
Either positive or negative end point deflection was observed for variation pattern
two (Figure 6.10), and the preferred sequences for this variation pattern differed to
the preferred sequences for variation pattern one. The most robust sequence for the
second variation pattern begins at the centre and works outwards (2-1-3-4); which
is one of the worst performing sequences on variation pattern one. The sequence
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proposed by Hoffman and Santosa (2003), which begins at the fixed location and
progresses outwards to the free end (1-2-3-4), also performed close to the most robust
sequence for the second variation pattern. Again, sequence 1-2-3-4 performed poorly
for the first variation pattern.
(a)
(b)
Figure 6.10: Mapping curve (a) and mapping curve derivative (b) for the second
variation pattern.
For the third variation pattern, which represents an offset of the center deflection
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in combination with the variable end deflection, the preferred robust sequences again
begin at the fourth join. However, the response curve is no longer monotonic, and,
depending on the sequence, a zero gradient was observed. When a zero gradient
occurs in the mapping curve, there is a large reduction in variation. For the sequences
illustrated here (Figure 6.11), the zero gradient occurs at input end deflections of
approximately 6.5mm and 8mm, for sequences 4-1-3-2 and 4-3-2-1 respectively.
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(a)
(b)
Figure 6.11: Mapping curve (a) and mapping curve derivative (b) for the third
variation pattern.
6.3.2 Case 2: Polygon beam assembly
A circular structure simulation was established as an example of a closed geometric
form for the sequencing problem. This polygon representation considers two
hexagonal geometries. The first geometry was at the ideal location, and the second
hexagon was deformed by three different deformation patterns, and the variation
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therein. These were then overlayed to the same location strategy: node one
constrained in both translation of x and y, representing a pin location; and node six
constrained in the y direction, representing a slot constraint. The joining sequence
brought the components to the nominal join locations perpendicular to the tangent
of the encompassing circle. This geometry is represented in Figure 6.12.
Figure 6.12: Two-dimensional, polygon-based beam assembly model with an
illustrative deformation applied.
It is important to note that there was no free end. The free-end of the structure
was thus considered to be the least rigid area - the place furthest away from the
fixed location controls on the bottom edge of the component. This structural design
contrasts the cantilevered beam assembly presented in Section 6.3.1. The outgoing
deformation measure used to evaluate the performance of the sequence was the
Hausdorff distance of the located assembly, considering both polygons, to its
nominal geometry - which is the position of the un-deformed perfect polygon.
Figure 6.13 illustrated the three variation patterns used for the polygon geometry.
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(a)
(b)
(c)
Figure 6.13: Variation patterns for the polygon geometry (a) Pattern one, (b) Pattern
two, and (c) Pattern three.
Each of the sequence and variation pattern combinations were evaluated for their
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robustness across the domain specified. The robustness index for each particular
sequence, across all variation patterns was then summed. Although this approach
will bias the results towards the input variation pattern that is most sensitive to
sequence selection, this is considered acceptable because the robustness index for
each sequence and variation patterns all closely follow the same trend, and it is the
overall robustness that is important for a production system.
In all cases the poorest performing sequences began furthest from the rigid
location point and then progressed towards the most rigid. A summary of the best,
worst and common strategy results is presented in Table 6.4.
Table 6.4: Robustness measure for selected sequences based on given input variations
for the polygon geometry.
Sequence
classification
Variation
pattern one
Variation
pattern two
Variation
pattern three
Best
1-2-4-3 (7.56) 4-3-2-1 (0.48) 4-3-2-1 (7.52)
1-4-2-3 (7.57) 1-2-3-4 (7.53)
4-3-1-2 (7.69)
4-1-3-2 (7.68)
Worst
2-1-3-4 (16.23) 2-1-4-3 (9.18) 3-4-1-2 (13.28)
2-3-1-4 (16.06) 2-4-1-3 (9.16) 3-1-4-2 (13.28)
Weak-to-Strong 3-2-4-1 (14.34) 3-2-4-1 (2.03) 3-2-4-1 (11.07)
Fixed-to-free 1-4-2-3 (7.57) 1-4-2-3 (2.14) 1-4-2-3 (8.55)
The sequences that were the most robust to the first input variation pattern began
close to the locator supports and worked outwards. There were a number of variants
of the fixed-to-free strategy that all performed comparably, and represent a linear
mapping curve with a low constant gradient (Figure 6.14 (a-c)(ii)). The preferred
sequence for the second and third variation pattern proceeded around the polygon
loop. For each variation pattern the curves illustrated here are the fixed-to-free (1-
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4-2-3), weak-to-strong (3-2-4-1), the overall most robust, the overall least robust, and
the respective best and worst against the particular variation pattern.
a(i)
a(ii)
Figure 6.14: Mapping and gradient curves for each input variation pattern illustrating
the selected sequences. (a) Pattern one (i) Mapping (ii) Gradient, (b) Pattern two (i)
Mapping (ii) Gradient, and (c) Pattern three (i) Mapping (ii) Gradient.
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b(i)
b(ii)
Figure 6.14: Mapping and gradient curves for each input variation pattern illustrating
the selected sequences. (a) Pattern one (i) Mapping (ii) Gradient, (b) Pattern two (i)
Mapping (ii) Gradient, and (c) Pattern three (i) Mapping (ii) Gradient.
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c(i)
c(ii)
Figure 6.14: Mapping and gradient curves for each input variation pattern illustrating
the selected sequences. (a) Pattern one (i) Mapping (ii) Gradient, (b) Pattern two (i)
Mapping (ii) Gradient, and (c) Pattern three (i) Mapping (ii) Gradient.
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The fixed-to-free strategy outperformed the weak-to-strong strategy by a
significant margin in the cases of the polygon geometry, where stress build-up was
dominant in determining the final geometry. A visual representation of the polygon
geometries both with and without internal stress build-up for each of the variation
patterns is shown in Figure 6.15. When stress build-up is not considered, for this
geometry and variation combination, an overestimation of the final geometric
deflection occurs.
a(i)
a(ii)
Figure 6.15: Shape deformations for the weak-to-strong and fixed-to-free
methodologies modelled with and without internal stress build-up. (a) Pattern one
(i) Sequence 1-4-2-3 (ii) Sequence 3-2-4-1, (b) Pattern two (i) Sequence 1-4-2-3 (ii)
Sequence 3-2-4-1, and (c) Pattern three (i) Sequence 1-4-2-3 (ii) Sequence 3-2-4-1.
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b(i)
b(ii)
Figure 6.15: Shape deformations for the weak-to-strong and fixed-to-free
methodologies modelled with and without internal stress build-up. (a) Pattern one
(i) Sequence 1-4-2-3 (ii) Sequence 3-2-4-1, (b) Pattern two (i) Sequence 1-4-2-3 (ii)
Sequence 3-2-4-1, and (c) Pattern three (i) Sequence 1-4-2-3 (ii) Sequence 3-2-4-1.
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c(i)
c(ii)
Figure 6.15: Shape deformations for the weak-to-strong and fixed-to-free
methodologies modelled with and without internal stress build-up. (a) Pattern one
(i) Sequence 1-4-2-3 (ii) Sequence 3-2-4-1, (b) Pattern two (i) Sequence 1-4-2-3 (ii)
Sequence 3-2-4-1, and (c) Pattern three (i) Sequence 1-4-2-3 (ii) Sequence 3-2-4-1.
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A general relationship exists between an increase in the mean stress in the
structure and an increase in the robustness measure of total variation. This is
illustrated in Figure 6.16, where the robustness measure for each sequence and
variation pattern combination is plotted against the mean stress in the structure.
Figure 6.16: Illustration of the increasing structural stress against the increase in total
variation of the polygon structure.
6.3.3 Joining sequence case summary
The two different cases suggest a preference for two opposing sequence synthesis
strategies. For the cantilever case, the preference is always to begin at the fourth join
at the least rigid area, to give a robust sequence. Comparable results can also be
obtained by beginning where the geometric deformation is greatest, which depends
on the variation input. The preferred strategies for the polygon begin at the fixed
location points; however, there is a greater physical impact from stress build-up.
The impact from stress build-up becomes more evident when a poorer performing
sequence is used, with an increased difference in the geometric result observed.
However, for the better performing sequence, the difference in the resulting
geometry by including stress build-up is less.
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6.4 Considerations regarding internal stress build-up
6.4.1 Modelling with or without stress build-up?
Stress build-up was shown to influence the final dimensional output in Section 6.1.1;
however, when it needs to be considered and when it has an influence has not been
established. In this section, a comparison of the robustness index of the polygon
assembly with and without internal stress build-up is made by considering changes
in the structural stiffness of the assembly. Each of the components’ geometries is
varied by changing the beam diameter in the simulation. The results of this set of
simulations are the output shown in Figure 6.17.
Figure 6.17: Comparison of robustness index against geometric profile change for the
polygon assembly.
Represented are two curves, one for the preferred fixed-to-free (1-4-2-3)
sequence, and one for the worst performing sequences (2-1-4-3). The curves
illustrate the difference in the robustness index estimation for the two models with
and without stress build-up. For the preferred sequence, with less build-up of
stresses, the difference between the models is constant. However, for the poorer
performing sequence, as the structural stiffness decreases there is an increase in the
difference of the predicted robustness index between the two models. As such, in
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the poorer performing sequence, where a greater amount of stress build-up occurs,
there is a greater need for consideration of internal stresses as the components or
assembly become more compliant.
6.4.2 The addition of clamping
These simulations have analysed the sequence process for joining by considering an
ideally constrained component, where the available degrees of freedom are restricted
at the locator points. However, for three dimensional sheet metal components there is
the additional clamping of the components, which in many cases also over-constrains
the components. Section 6.3 illustrated the influence that joining sequences have on
two different geometries and Section 6.1.1 showed the importance of including stress
build-up in the modelling conditions for joining sequence analysis. The addition of
clamping in the assembly process is, therefore, another potential influencer for the
build-up, and corresponding release, of stresses.
To aid in determining the significance of initial clamping, and to further build
knowledge around the requirements of robust sequence synthesis, this section will
present an analysis of the polygon geometry. In this case, a nonagon with a single
clamp and six joins is used. The assembly process will be performed in a similar
manner to prior simulations, and a clamping operation, that will be maintained
until the final step, is incorporated. Once the clamp is released, the component will
spring-back, due to a combination of the initial deformation, the change in stiffness
of the total structure, the slight positional differences of the joins due to the joining
sequence, and the residual stresses that have built-up.
Since in this case six joins are considered, the total number of possible
combinations of sequences is 720 (6!). It is too computationally expensive to iterate
through all the possible sequence combinations; therefore, the observed differences
between the sequences in Section 6.3 were used to select sequences of interest.
There were 10 sequences executed in total with two different variation patterns
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studied; these are presented in Figure 6.182.
(a)
(b)
Figure 6.18: Variation patterns for the nonagon geometry (a) Pattern one, and (b)
Pattern two.
Throughout the joining operations there is minimal difference in physical
locations of the geometry. However, it is the internal stresses that have the potential
2For the resulting mapping figures, please refer to Appendix E.
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to significantly influence the resulting geometry once the component is released.
Figure 6.19 illustrates the clamped and released configurations after the joining
sequence operations were performed.
(a)
(b)
Figure 6.19: Comparison of clamped and released geometries for two different
sequences: (a) Clamped configuration, (b) Released configuration.
Table 6.5 provides a summary of the clamped and released robustness measures
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for the nonagon geometry. There is no correlation between the final released
geometry and the clamped error values. Consequently, the resulting geometry is
strongly dependent on the stresses that are established prior to release. Thus,
minimising the stress build-up is crucial to improving geometric accuracy and
reducing production variability.
Table 6.5: Robustness measure for selected sequences based on given input variations
for the polygon geometry with clamping incorporated.
Sequence
Variation
pattern one
(clamped)
Variation
pattern one
(released)
Variation
pattern two
(clamped)
Variation
pattern two
(released)
1-6-3-4-2-5 8.33 25.28 7.45 23.92
5-2-4-3-6-1 12.75 36.25 8.84 68.20
1-2-3-6-5-4 8.06 74.45 6.90 11.83
4-5-6-3-2-1 9.66 43.24 8.19 58.07
1-4-3-6-2-5 9.24 30.48 7.43 24.03
1-6-2-5-3-4 8.18 74.61 6.85 12.29
1-2-3-4-5-6 9.47 76.75 7.06 27.35
6-5-4-3-2-1 8.12 55.64 8.94 22.89
1-3-6-4-2-5 8.22 25.41 7.45 23.93
5-6-1-2-4-3 12.16 44.22 6.96 22.41
6.5 Sequence robustness discussion
This analysis has illustrated the potential influence of joining sequence operations
when considering stress build-up, geometric non-linearities and structural
properties. The beam-based assembly approach used here provides a simplification
of the assembly process that combines numerous factors not used in prior
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approaches for sequence analysis. As found here, it is the combination of the
geometric deformations, built-up stresses and the stiffness ratio that more
accurately dictate assembly spring-back. Consideration of all three factors is
required to determine a general sequence synthesis approach that allows selection
of the preferred sequence for an assembly.
For the cantilever geometry, the sequences that were most robust all started at
the fourth join at the least stiff location. However, depending on the variation
pattern, there were also well performing sequences that began at other locations.
The preferred sequences generally began at the point where the greatest
deformation existed, but, the overall most robust sequence began at join four, the
least stiff area. In contrast, all sequences simulated for the polygon that begin
closest to the two locators at either join 1 or 4, outperform the sequences that start
further away at joins 2 or 3. Given the constraint of the locators, the joins 1 and 4
can be considered the stiffest areas of the structure. This strategy is analogous to
joining from the stiffest to least stiff area, as observed in Chapter 5. The preferred
strategies for these geometries are illustrated in Figure 6.20.
§6.5 Sequence robustness discussion 136
(a)
(b)
Figure 6.20: Preferred robust sequences for (a) the cantilever beam and (b) the
polygon geometries.
The results from these analyses share similarities to all prior work on joining
sequence analysis for sequence synthesis. Liu and Hu’s (1995b) analysis method is
based only on the ratio of stiffness between the unjoined and joined components and
the studied deformation to determine the preferred sequence. The variation pattern
studied is comparable to variation pattern one for the cantilever beam presented here.
Liu and Hu’s proposed strategy of weak-to-strong was based on knowledge learned
from a two join configuration, tested and then extrapolated to a greater number of
joins. The primary assumption dictated that for any two possible joins, the weakest
or least stiff join should be applied first. Figure 6.21 illustrates this decision making
process. However, from the analysis in this chapter, it was shown that going from
weak-to-strong is not always be the case. Sequences that began at join four (the least
stiff), but then proceeded to join one (stiffest area), performed comparably to joins
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that followed the weak-to-strong methodology.
Figure 6.21: Cantilever beam sequence results presented by Liu and Hu (1995b).
Hoffman and Santosa’s (2003) work, which is based on an alternate analysis
method, proposed the opposing strategy of fixed-to-free for a cantilever geometry.
In this case, the geometry was comparable to variation pattern two presented here
for the cantilever geometry. When applied here under these input conditions, this
strategy for sequencing was also one of the preferred sequences, but only for the
second variation pattern.
The principal of minimising stress build-up, presented by Shiu et al. (2000),
specifies the preferred sequence to reduce variability to begin at the fixed and move
towards the free end, similar to Hoffman and Santosa’s (2003) work. However, their
work was not performed from a geometric perspective, but under the assumption
that reducing stress build-up will reduce variability; which they showed to be
correlated to each other. In the work in this Chapter, there was a greater difference
in the results between strategies that did not follow the stress minimisation criteria
when internal stress build-up was and was not considered. Conversely, by
following strategies that aim to minimise stress build-up, the results more closely
approximate the analysis methods that do not consider internal stress build-up.
The analysis method used in this chapter confirmed the findings of each of the
prior analysis approaches, but within a broader picture of possible input variables.
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It is the differences in the input variables from these works, and the additional
aspects studied here, that allow an improved understanding of the joining process.
In particular, the results in this chapter illustrate the potential influence of the elastic
strain energy and stress build-up in more complex assemblies. The built-up stresses
have greater dimensional freedom to interact and influence dimensional stability.
While this effect was observed in the cantilever beam situation (see Section 6.3.1), it
was minor. However, for the polygon profile the assembly joins back on to itself and
the built-up stresses propagate around the frame; this results in a more significant
impact to the complete assembly variation as a result of the sequence. In some
cases, this significantly alters the response of the structure.
However, the join process is not completely controlled by the stress and, in the
case of the unclamped polygon, although the response of the structure changed,
due to increased stresses, the robust sequence preference remained the same.
Therefore, for the polygon when not considering internal stress build-up, the
fixed-to-free strategy is preferred over the weak-to-strong strategy. It is important to
note that, if all sequences were investigated without stress build-up, then the
complete list of preferences may not be identical; however, for these strategies, the
more robust sequence follows the fixed-to-free methodology.
6.5.1 Need to consider internal stresses
When a clamping condition is added, the importance of internal stresses becomes
more noticeable, as evident from the spring-back response of the structure. The
addition of the rigid clamping location constrains the geometry further and impacts
the resulting build-up of stresses, which then have a significantly greater ability to
influence spring-back when released. The fixed-to-free end strategy, that minimises
internal stress, outperforms all others for the clamped polygon. The strategy of
joining around the loop in an anti-clockwise direction, that ranked highest for the
unclamped polygon, performed poorly for the clamped polygon.
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As the level of constraint increased, the importance of considering internal
stresses also increases. The natural geometric constraint of the new polygon
structure, as compared to the cantilever geometry, shows an alternate preference for
sequence synthesis strategy. Although the change in geometry class dictates the
need for an alternate strategy, the importance of reducing stress build-up is critical
in minimising assembly spring-back when clamping is additionally considered.
Therefore, for over-constrained systems, the need to follow the fixed-to-free
strategies is twofold: to reduce spring-back variability caused by stress build-up;
and to improve the geometric shape prior to release of the assembly.
6.5.2 Limitations of this analysis
One factor not incorporated here is contact interactions. In practice, contact can
alter both the geometric form and accumulation of stresses during the assembly
process. However, as an illustration of the interaction between the three identified
fundamental factors, it was not deemed significant. In more complex assemblies,
this would not be the case, and the discontinuous boundary conditions could lead to
a significant impact on the results. While incorporation of contact has been shown
to lead to more accurate simulation approaches(Dahlstrom and Lindkvist, 2007), it
would need to be considered in combination with stress build-up.
One further aspect not considered here is the impact of tooling variability on the
output dimensional variability. This may also have an impact on the preferred robust
sequence; however, the focus here was on robustness to input variability because
it is often unknown during the setup phase when sequencing decisions are made.
At this point, tooling is often assumed to be within a close tolerance to nominal.
The influence on sequence robustness given tooling variability does warrant further
investigation.
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6.5.3 Robust Vs. Best sequence
The purpose of this work has been to examine the sequence synthesis requirements
for the purpose of robust sequence selection. In contrast, prior works have
attempted to seek the optimal sequence to minimise variability given particular
conditions; which poses a problem if there is no knowledge of the geometric
deformation or variation patterns. However, if there is some knowledge of the input
variability, then the preferred robust sequence may differ because the analysis
domain may change. The preference could further alter since the presented
robustness index is a measure of the total variability of the mapping function,
which does not take into consideration the shape of the input distribution with
respect to the output distribution. Consequently, two curves with slightly different
profiles of their mapping curves can result in the same robustness index, but, since
the profile of the mapping is different there will be a different output distribution.
Although this is not deemed significant for the purpose of analysis in determining a
robust sequence, it may be more important to consider if there is knowledge of the
input distribution.
6.6 Chapter summary
This chapter has presented a sequence analysis approach that used a broader set of
input variables than prior works on sequence analysis. This sequence analysis
approach was combined with a method for evaluating performance based on the
total variation of mapping curves, to allow for an improved identification of the
requirements for a robust joining process synthesis strategy. Unlike previous
models used for analysis and synthesis purposes, the beam-based model
incorporates a number of physical aspects, specifically: internal stress build-up,
stiffness increase and geometric non-linearities. This model was used to simulate
prior proposed joining sequence methodologies along with other combinations. A
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polygon beam assembly was then used to further illustrate these sequence
approaches. This analysis has allowed for a comparison of a number of factors
relating to sequence selection to address Objective 3 of this thesis and answer the
associated research question:
1. What is a robust sequence for minimising output variation given any input
dimensional variation pattern?
In the presence of boundary conditions, the preferred sequence should begin at the most
rigid area and move towards less rigid areas; a result also observed in Chapter 5.
2. What is the influence of structural design on optimal sequence selection?
The polygon structure has shown a preference for an opposing sequence strategy for
robust sequence selection in comparison to a cantilever assembly. In practice, this is
more applicable to the more complex freeform geometric surfaces of sheet metal
components, because it better replicates the dimensional interactions of the structure.
3. What is the significance of internal stress build-up to the analysis process?
As the degree of restraint increases the importance of considering internal stress-build
up becomes greater. Therefore, in the analysis process for determining preferred
sequences, it is a factor that needs to be considered primarily when N-2-1 location
strategies are followed. However, internal stress build-up does influence the geometric
response under all conditions, particularly as the stiffness of the structure decreases.
Chapter 7
A joining sequence synthesis
method
As outlined in Section 2.7 of Chapter 2,a method of determining a robust joining
sequence is of significant practical importance to industry. The outcomes from
Chapters 5 and 6 established the approach that should be taken by such a method;
however, currently this relies on visual interpretation of the combined geometric
structure and fixture design to determine a sequence that can accommodate
variability in the joint gaps and provide a robust output.
To address Objective 4 of this thesis, the establishment of a method for the rapid
identification of a robust joining sequence, this chapter presents an algorithm to
fulfill this need. The formalised approach of stiffest-to-least-stiff is combined with
structural evaluation techniques to determine a robust sequence via an algorithm
(Section 7.1). This approach is then applied to the idealised geometric structure
presented throughout this work for a simulation-based verification, given the prior
gap input variation and fixture boundary conditions (Section 7.2). A discussion of the
application and limitations of the developed algorithm is then presented in Section
7.3, followed by the key summary points of this chapter in Section 7.4.
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7.1 A joining process sequencing algorithm
Although sequence analysis simulations are useful in studying the sequence
dependence in sheet metal assembly, they are based on idealisations and
assumptions about the underlying mechanics of the process. Furthermore, as the
number (n) of joining operations increases, the number of possible sequences
increases factorially (n!). As a result, from a practical standpoint, it is nearly
impossible with current software and computing technology to simulate all
permutations. This computation resource problem is compounded if variation
simulations are to be considered. In industry, sequence selection is often based on
the experience of the process engineers. Although optimisation procedures have
been developed to solve sequence-based problems, they all require exact knowledge
about the variation patterns of the incoming components; and then use an iterative
procedure. However, it is not always possible to know the incoming component
variations, which limits any possible application of these techniques.
Previously developed sequence synthesis algorithms have been based on
simplified models. In Chapter 6, a more detailed model of the factors contributing
to sequence dependence was developed and used to illustrate the sequencing
influence on different geometric forms. General sequencing guidelines were shown
to be applicable for robust sequence selection.
This section derives a computational algorithm, based on structural mechanics,
that will provide a comparatively faster solution to determine a joining sequence in
accordance with these sequencing guidelines. At a minimum, all that is required for
this technique is the Computer Aided Design (CAD) geometry, join locations, and
the fixture strategy.
While no single joining sequence can provide an ideal solution for minimising
all types of dimensional variation patterns, the purpose of this work is to quickly
identify a robust solution; for example, by applying the stiffest-to-least-stiff strategy.
To achieve this, the geometric structure must be evaluated and a decision process
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performed to determine the location of the next join after any prior joining operation
is made. This follows from the conclusions of Chapter 5, which concluded that
the current state of the assembly must be considered when selecting the next join,
including any existing joins and the fixture design.
The algorithm must follow the logic of the sequencing guidelines, as presented
in the following procedural manner:
1. Locate component according to referencing strategy
2. Apply clamps to hold component
3. For n join iterations
(a) For each remaining join from the pool of candidate joins:
i. Evaluate the local stiffness given all prior joins and the fixture strategy
(b) Select join at the stiffest location
(c) Apply join to structure
To ensure the computational expense is not too large, the number of complete
iterations of the algorithm can be determined and compared to the maximum
possible number of calculations. The total number of iterations for this algorithm is
equal to the nth triangular number, or n(n+1)2 evaluations, this is significantly less
than the possible n! computational combinations. While optimisation procedures
could be applied here to minimise the number of iterations, the primary focus is on
an implementation of the guidelines algorithm, therefore optimisation procedures
were not considered.
To evaluate the stiffness at each successive join a number of approaches could
be used. The most obvious option is by using static implicit force-displacement
FEA. In this case, by applying a local force at the join location and measuring the
local deflection of the structure. The local deflection could be compared against all
other alternative local deflections in the evaluation procedure until all candidate joins
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had been evaluated and the stiffest location could be selected. Liu and Hu (1995b)
described a similar approach but in an attempt to find the weakest-to-strongest join
locations.
Alternatively, structural stiffness can be evaluated via natural frequency
extraction of the stiffness matrix. Structural natural frequency extraction is a
common tool for stiffness estimations and is used in industry for fixture and tooling
design. A significant benefit of this approach is a reduction in computational
expense and required analysis of the results. One example of natural frequency
extraction and its use in the automotive Body In White (BIW) structure evaluation
field is by Bhatti et al. (2011). In Bhatti et al.’s (2011) work, structural stiffness was
maximised based on join positions of the assembly utilising a number of methods,
including utilising the natural frequency shift as an evaluation method.
To order the welds from the most to least rigid area, the influence of each
successive join is evaluated by analysing the frequency shift that results in the
addition of that join from the prior state of the assembly. The algorithm presented,
combined with this decision making process, seeks to minimise the change in
natural frequency of the structure between successive joins. There are numerous
possible structural natural frequencies against which this could be evaluated;
however, the first compliant natural frequency is utilised in this work since it
represents the most compliant direction of the component.
7.1.1 Summary
The proposed method uses the global structural stiffness at any particular joined
configuration to evaluate the next possible join in the sequence. The basis of this
method relates to the frequency shift that occurs as the joining operations are
performed. When each join connection is made, this associated stiffness change
dictates the level of spring-back local to the joining tool upon release. This allows
the areas of highest stiffness to lowest stiffness to be evaluated numerically for any
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complex form.
7.2 Application to the idealised assembly
To confirm the validity of the developed algorithm, a study was performed on the
idealised closure assembly developed in this thesis. An interface program was
written in Matlab that would generate the necessary code and join configuration,
then call the execution of the simulation in ABAQUS/Standard. The Matlab
program would then call the extraction of the simulation data using a python script
and read in the results from a comma separated values file. After the remaining join
candidates were evaluated, a decision of which join should be performed was made
based on the smallest frequency shift; this join, along with any previously
performed, then remained for the next set of evaluations.
When executing the simulation, a series of restraints were used to replicate the
fixture conditions. The fixture design was replicated by restricting the appropriate x
and y degrees of freedom at the pin and slot locations, and the clamps applied by
restricting motion in the z direction on both the upper and lower components.
When executed on the ideal structure, the algorithm returned the sequence
illustrated in Figure 7.1. This sequence will order the joins from the most rigid areas
towards those less supported. To verify the performance of this sequence on the
structure, a simulation-based study was performed. This was performed using the
gap input variation as used in Chapter 5.
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Figure 7.1: Sequence calculated using the developed algorithm for the idealised
structure.
7.2.1 Simulated study
The generated sequence was applied to the structure and yielded promising results.
Only minor twist was induced in the structure regardless of gap variation level. A
Point Distribution Model (PDM) was used to quantify the level of twist in comparison
to the prior sequences. In this case, the prior simulations executed in Chapter 5 were
used to develop the PDM and the results from the new sequence were mapped onto
it. This allowed for appropriate quantification and comparison to the twist variation
mode that was identified in Chapter 5. While the procedure of performing PCA could
have been repeated on the entire simulation data set with this additional simulation
added, this would have resulted in a different set of variations being identified and
compared against than previously. However, the results from either method would
have resulted in a similar pattern with only minor differences in the magnitudes of
the principal components.
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Figure 7.2 presents the mapped PDM data from the developed sequence onto
the prior simulation results. The new sequence was compared to the case of
simultaneous clamping and sequenced clamping, specifically for sequence 1-2-3-4
(Clamping sequence 21).
(a)
(b)
Figure 7.2: Simulated optimal joining sequence (Sequence 31) for (a) simultaneous
clamping configuration, and (b) clamping condition 1-2-3-4 (Clamp sequence 21)
configuration, presented against the poorest performing simulated joining sequence
(Sequence 14).
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For this assembly design, it was evident that the simultaneous clamping in
combination with the developed joining sequence performed the best in regards to
reducing the twist variation pattern, with nearly zero physical twist (Principal
component 2) induced into the assembly. When the clamping sequence was also
considered, a greater amount of physical twist was observed. However, while this
may potentially be the impact of the clamping sequence alone, interactional effects
were not determined, and the inducing effect of the optimised joining sequence may
also have contributed to the twist results.
7.3 Discussion of synthesis method
The method applied here for sequence synthesis uses a global structural property to
evaluate the structure and provide information for a decision process to sequence the
joins from stiffest-to-least-stiff. When applied to the idealised structure, this strategy
has shown to result in no twist induced across the simulated domain.
When the sequencing synthesis approach was applied to the idealised structure
in combination with clamping sequence, as opposed to simultaneous clamping, the
resulting response of the structure was altered with minor twist apparent. This
initial deformation due to clamping, which is known to influence assembly
variability, interacts with the sequencing operations. Consequently, each of these
operations can not be completely optimised if the other is not also considered. In
this instance, the ideal case is to close the clamps simultaneously, followed by the
joining sequencing operations. However, regardless of clamping sequence, the
amount of induced twist from the proposed joining sequence is still less than that
induced from any of the other joining sequences simulated. Therefore, the influence
of the clamping is minimal in comparison to the joining sequence operations.
There have been two alternative works to develop sequencing algorithms that
are based on knowledge learned from the sequence analysis process. These are the
work by Liu and Hu (1995b) and the work by Wärmefjord et al. (2010b). In contrast
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to the work here, Liu and Hu’s (1995b) work sequences the joins from least-to-most
rigid. This strategy, which Chapter 6 showed to not be applicable for more complex
geometries, was identified as an order N algorithm. However, while the stiffness
matrix is required to be determined N times, in Liu and Hu’s (1995b) work there is
no reference to the technique used to evaluate the stiffness at each join; instead, it is
stated as "evaluate stiffness at all un-welded spots". Consequently, for three
dimensional free-form surfaces each stiffness evaluation would require additional
computations to solve the { f } = [K]{u} system of equations and provide a
quantitative measure to evaluate stiffness. This results in more complete
calculations, although the procedure could be reduced in the number of required
operations. If the procedure is performed purely through consecutive finite element
simulations to evaluate the stiffness, it would require (N(N + 1)/2) − 1 as
presented in this work. In Wärmefjord et al.’s (2010b) work, the synthesis method
applies a unit deformation to a particular join connection and measures the
sensitivity of that deflection in the movement that occurs at the remaining joins.
Again, (N(N + 1)/2)− 1 Finite Element (FE) simulations are required to determine
a preferred sequence for that geometry. Their strategy, based on the movement
sensitivity, was shown to provide an acceptable result in more than 50 percent of the
cases tested.
The primary limitation of the frequency shift approach relates to symmetry of the
structure and boundary conditions. For example, the approach cannot be applied
to the cantilever situation presented in Chapter 6. If it were to be attempted, the
symmetry of the design would show the same natural frequency for any of the other
combinations of joins. However, in practical situations this form of symmetry of the
structure and boundary conditions is not experienced. Even the polygon geometries
are asymmetric when fixtured due to the pin and slot datum restraints. Therefore,
although there is a specific situation in which this approach is not applicable, it
would not be experienced in practice.
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The sequence determined by applying this algorithm was simulated with all
clamps closing simultaneously, and with a sequence to the clamps. Although the
strategy that forms the basis for this approach is based on joining from
stiffest-to-least-stiff, it is possible that this could be extended to consider clamp
sequencing as well. In this way, the choice of clamping order could assist in
minimising variability.
Another possible extension of this work exists via the development of a
weighted algorithm that will also focus on the travel distance for the joining
equipment when evaluating the strategy. Although the strategy is to join from
stiffest-to-least-stiff, Chapter 6 showed that there are a few options available that are
close to satisfying this general requirement. Therefore, by implementing a
weighting between distance and potential minimal frequency shift options,
alternative joins that could be physically closer but at minimal expense to frequency
shift can be selected. This provides an alternative approach to be developed that
allows for travel time to be considered in a generalised way.
7.4 Chapter summary
From the results of Chapters 5 and 6, this chapter developed a method that is able
to quickly determine a joining process sequence that adheres closely to the
developed guidelines. The approach is simple and seeks only to select successive
geometric locations that add the least to the stiffness change of the structure over
the previous operation. When applied to the idealised structure, the resulting
sequence outperformed all other executed sequences. Such a generalised algorithm
for geometric variability in compliant structures has not been developed before and
shows very promising results that could be applied to the complex geometric forms
seen in industry. Moreover, by utilising standard modal analysis techniques, for
cases with fewer joins the approach can be applied by process engineers without the
need for additional software. However, as the number of joins increases, it is
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preferable to use an automated script to perform the necessary iterations. This
successfully addresses objective 4 of this thesis in formalising a sequence synthesis
approach in a generic algorithm that can be applied to more complex situations.
Chapter 8
Experimental joining sequence
results
This chapter addresses Objective 2 of this thesis from a practical perspective by
demonstrating the interaction of joining process sequence and input variation using
experimental trials. This is to validate the concept of variation reduction through
the developed algorithm, presented in Chapter 7. The experimental trials were
conducted using the modified geometry presented in Chapter 3, Section 3.4, and
were conducted on three alternative joining sequences. The chapter is composed of
two sections that: (1) illustrate the influence of the joining sequence; and (2) provide
a more detailed simulation that illustrates the limitations of sequencing operations
based on experimental observations.
In the first section (Section 8.1), the details of the performed experimental study
are outlined. The stages of the assembly, the assembly fixture and equipment, and
the experimental program are outlined. In the second section (Section 8.2), the
results of the experimental study are outlined. The ability to reduce each sample
group’s variation using the sequences is first presented, followed by the level of
influence that the sequence has on the induced twist, and other induced patterns. In
the final section (Section 8.3), a revised analysis is provided that includes a more
detailed simulation based study for comparison. Utilising the initial geometric
information taken from the pre-assembly experimental measurement data, and
observed welding behavior, this more detailed simulation was constructed. It
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illustrated the shortcomings of both the prior simulation work and the experimental
procedure and explains the reduced significance of induced variations as observed
in the experimental work.
8.1 Experimental procedure
8.1.1 Assembly process
Each component was fabricated from laser-cut sheet metal (Figure 8.1) which was
then bent into the appropriate geometry (Figure 8.2).
Figure 8.1: Set of laser-cut components.
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Figure 8.2: Set of components bent into shape with joggle applied to the corner
sections.
The assembly process consisted of three phases. The upper (Figure 8.3) and lower
(Figure 8.4) assemblies are first completed using 16 and 12 joins respectively. These
joins are applied to the joggled corner joins of each section.
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Figure 8.3: Set of upper components assembled with 16 joins.
Figure 8.4: Set of lower components assembled with 12 joins.
The additional fixture elements used to local all the components were then
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removed leaving only the main assembly datum system and four supports. The
upper and lower assemblies were then combined with 24 joins around the outer
periphery of the components (Figure 8.5).
Figure 8.5: Example of outer lip to be joined during phase two of assembly.
During the final assembly stage the inner periphery joining sequence was
performed (Figure 8.6). There were 24 joins on this inner section of the assembly
that were sequenced.
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Figure 8.6: Completed assembly with inner and outer connections made.
At each phase of assembly the component surfaces were scanned using a Faro
Platinum coordinate measurement arm, fitted with a Faro V3 laser line probe (Figure
8.7).
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Figure 8.7: Positioning and mounting of Faro Co-ordinate measurement arm on
assembly fixture.
Each component scan, lower (Figure 8.8) and upper (Figure 8.9) assembly, the
joined assembly and gap, and the completed assembly were recorded and a known
grid of points projected onto them which formed the measurement locations.
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Figure 8.8: Scanned measurement point cloud with point grid projected onto the
surface for a top assembly.
Figure 8.9: Scanned measurement point cloud with point grid projected onto the
surface for a bottom assembly.
8.1.2 Assembly fixture
To perform the assembly process (Section 8.1.1) a fixture was designed that could
facilitate each stage of assembly. The fixture consisted of a series of tooling elements
located onto a plate at the correct height for a spot welder mounted on rails. The
mounting plate was located onto a rotary bed that was used to turn the required side
of the assembly to the location of the resistance spot welder. A physical stop was
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also incorporated to limit rotation to the required position (Figure 8.10).
Figure 8.10: Rotating bed and plate holding tooling elements with a physical stop
used for limiting rotation to the same position.
To position the resistance spot welder along the edge of the component
consistently, a location bar was used with a pin mechanism (Figure 8.11). A number
of brass stops were made to limit the resistance spot welder’s position in the
perpendicular direction to the horizontal slide (Figure 8.12).
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Figure 8.11: Resistance spot welder mounted on rails with pin location system for
positioning of joins on the assembly.
Figure 8.12: Illustration of brass limit blocks used to consistently position the
resistance spot welder.
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Depending on the assembly phase performed, eight or four clamps were used to
secure the component. Clamping blocks were made and used to hold down the
upper and lower components during assembly. The clamping blocks were also used
to set the position of the clamp to consistent closure efforts across all clamping
elements for later assembly stages.
Figure 8.13: Clamping blocks holding the four components of the lower assembly in
place where the corner joins are applied.
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Figure 8.14: All components manufactured prior to the final assembly operation.
Figure 8.15: All components after the final sequenced joining operation and
measurement of the upper assembly surface.
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8.1.3 Experimental program
The complete experimental program for all 45 samples is shown in Table 8.1. For
further experimental particulars please refer to Appendix B.
Table 8.1: Complete experimental program with the selected sample numbers for
each gap size and the assigned sequence number.
Sequence 14 Sequence 25 Sequence 31
2mm assembly
sample number
16 14 12
9 18 7
2 11 3
5 6 15
13 17 8
5mm assembly
sample number
17 11 18
12 16 1
2 8 3
9 7 10
15 4 5
8mm assembly
sample number
11 12 9
7 8 5
13 4 2
14 15 3
17 10 16
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8.2 Experimental assembly results
8.2.1 Sample dimensional variation
One measure of dimensional variation that can be taken is the total Root Mean Square
(RMS) value for standard deviation. For each node i the magnitude in each direction
is calculated as the sum of variations, as shown by Equation 8.1.
σ2i = σ
2
ix + σ
2
iy + σ
2
iz (8.1)
The RMS value can then be calculated using Equation 8.2.
σRMS =
√
σ21 + . . . + σ
2
n
n
(8.2)
This was performed nine times for each sample set of five components used in
this study. The same calculations were performed at the second and third phases of
assembly to consider the level of variability prior to assembly of each set of
components, given the small sample sizes. Consequently, the shift in variability is
the main metric reviewed for the overall performance of the three sequences in
terms of the general shape. This information is displayed graphically in Figure 8.16
for each of the three sequences against the input gap level.
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Figure 8.16: Percentage reduction in the RMS value of variation for each sample
group of five components at each gap level for each sequence
The purpose of a robust sequence is to minimise the amount of induced
variability. Figure 8.16 illustrates the influence of each sequence on the
corresponding change in variability of each sample, at the corresponding gap size.
Sequence 14, the worst performing simulated sequence, resulted in an increase in
variability for each sample set; however, it did not consistently induce the greatest
amount. For the eight millimetre components, sequence 25 resulted in a greater
increase in variability. Despite this increase at the eight millimetre point, sequence
25 provided the smallest increase at the two millimetre range. The overall most
robust solution, sequence 31, resulted in low increases at the two and five millimetre
range and provided a reduction in variability at the eight millimetre range.
However, this illustrates the sample change in variability as a consequence of
sequence. Therefore, the variability reduction observed is a reduction of the initial
variability around the gap design from the variations during fabrication. The primary
variation mode investigated from the simulation data is the induced twist in the
structure. In the next section PCA will be applied to the experimental data sets,
to first identify the significance of twist in the results, and secondly determine any
reduction as a consequence of sequence selection.
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8.2.2 Induced twist variation
Since the experimental study is not as ideal as the simulations, when PCA is
performed on all samples the significance of the twist variation mode is diminished.
This is a consequence of the correlated variations of each manufacturing process,
combined with the ability of each sequence to induce different variations. Therefore,
PCA was performed on each set of 15 components at each gap size to eliminate the
gap variation being identified. Presented here is the twist variation mode at each
gap level and the ability of each sequence to minimise the induced variability mode.
However, twist was not always the most dominant variation pattern, and the form
of twist varied between each PCA analysis.
8.2.2.1 Two millimetre induced twist
The most dominant variation mode, accounting for 48 per cent of the variability in
the two millimetre components, is the twist like mode illustrated in Figure 8.17.
Figure 8.17: First variation mode of the two millimeter PCA analysis which is closest
to representing the twist variation mode.
For each of the three sequences the mean of the calculated twist mode coefficient
was calculated and is presented in Table 8.2. Unlike the simulation study, the twist
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mode was not zero-centred because there were limited sequences being analysed.
Consequently, the mean shape of the PCA data itself contained twist. Although the
mean coefficient values for each sequence are all non-zero, when considering the
offset due to the mean shape, the induced physical twist is shifted. The amount of
shift was determined by mapping the nominal measurement locations onto the PCA
model and determining the modal coefficients to obtain a nominal shape. Sequence
31 results in the smallest amount of induced twist in the geometry.
Table 8.2: Sequence and modal coefficient values for the twist principal component
in the two millimetre experimental data.
Sequence Mean twist coefficient Nominal shifted
14 -4.80 -7.31
25 -8.88 -11.39
31 6.13 3.61
8.2.2.2 Five millimetre induced twist
By performing the same calculations on the five millimetre component series a
similar result was observed; however, to a lesser extend than it was with the two
millimetre components (Table 8.3). The twist variation mode (Figure 8.18) also
accounted for less of the total variation at 42 per cent.
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Figure 8.18: First variation mode of the five millimeter PCA analysis which is closest
to representing the twist variation mode.
Table 8.3: Sequence and modal coefficient values for the twist principal component
in the five millimetre experimental data.
Sequence Mean twist coefficient Nominal shifted
14 -3.35 -7.29
25 7.75 3.80
31 0.86 -3.09
8.2.2.3 Eight millimetre induced twist
For the eight millimetre components the induced level of twist was not as apparent.
From the extracted data the twist like mode accounted for just 3.3 per cent of the total
variation and contained a large amount of noise (Figure 8.19). The modal coefficients
and their nominal shifted values did not exhibit the same trend as the two and five
millimetre components (Table 8.4). Sequence 31 induced marginally greater amounts
of twist.
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Figure 8.19: First variation mode of the five millimeter PCA analysis which is closest
to representing the twist variation mode.
Table 8.4: Sequence and modal coefficient values for the twist principal component
in the five millimetre experimental data.
Sequence Mean twist coefficient Nominal shifted
14 2.07 -17.84
25 0.31 -19.60
31 -3.23 -23.13
8.2.2.4 Other variation modes
Although twist was not as significant as initially expected based on the
computational simulations, it became apparent that other variation patterns
exhibited shifts in the principal component coefficients depending on the joining
sequence. However, the principal components that exhibited sequence based shifts
varied depending on the designed gap ranges. Moreover, no individual mode was
dominant enough to discriminate between the performed sequences. However,
when two or three modes are considered it is possible to identify the different shifts
caused by the different sequences. For the two millimetre components the first and
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fourth principal components are an example of this effect (Figure 8.20).
Figure 8.20: Mapping of both the first and fourth principal component coefficient
illustrating groupings caused by different sequence selection.
Similarly to the two millimetre gap range components, groupings were observed
when both the fourth, fifth and sixth component are considered for the five
millimetre components; and second, fourth and fifth principal components for the
eight millimetre components. However, the groupings were not apparent if only
two components were considered.
8.2.3 Discussion
The calculated robust sequence, sequence 31, was shown to provide the greatest
overall reduction in variation across each sample group of five component.
Furthermore, for the two and five millimetre components, sequence 31, resulted in
the smallest amount of twist. However, this was not the case for the eight millimetre
components. Additionally, the significance of the induced twist variation mode was
significantly less in these samples than observed in the simulations. A discussion
regarding these discrepancies will be provided here and is broken into two main
sections: idealisation made in the simulation combined with experimental
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observations; and the non-ideal nature of the experimental study - primarily by
additional correlated noise, or input variability.
8.2.3.1 Simulated process idealisations
There were a number of differences between the computational simulations used
to determine the output variation and the executed experimental trials that could
contribute to less significant results of the experimental study. There were differences
in the design of the structure, and additional observations during the experimental
study could result in further divergence from the results.
The design of the structure was slightly different between the studies, with the
computational model based on a one piece assembly; however, the experimental
work was based on eight assembled pieces due to manufacturing requirements.
Although the general form of the assembly is the same, there exists differences at
the corner joins that change the stiffness of the structure and may contribute to the
differences in results.
For the 15 eight millimeter parts an additional observation was made. When
these components were assembled they underwent significant plastic deformation
from the clamps and in some places where the weld tips clamped. Additionally, due
to the high forces trying to separate the material when a large gap is closed by the
weld tips, in combination with the localised melting at the weld zone, a local yielding
occurs at the weld, which opens the material up resulting in incomplete gap closure
from the weld tips. A comparison can be seen in figure 8.21.
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(a)
(b)
Figure 8.21: Comparison of gap opening after joining. 8mm joined component with
plastic yielding at the weld zone, and (b) 2mm joined component with no noticeable
plastic yielding at the weld zone.
These corner joins are crucial in the assembly process of this assembly. When
simulated with insufficient force applied to close the gap, and the weld element is
activated, a remaining gap exists similar to that observed in the experimental study.
As a consequence of this, the simulated results show that a significant reduction in
the induced twist in the assembly occurs. These joins, at areas of higher stiffness
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and potentially stress, have the greatest impact on spring-back twist of the assembly.
This plasticity effect in Resistive Spot Weld (RSW) has been noted before and Moos
and Vezzetti (2012) presented guidelines to formalise the RSW plasticity effects for
the purposes of tolerance analysis. It is evident that depending on the location and
sequence of joins, the importance of a join may vary depending on its proximity to
certain structural design areas.
8.2.3.2 Correlated experimental study noise
A major source of discrepancy between the experimental and simulation results is
the ideal nature of the initial simulation. Each simulated component had exactly one
variability. However, the gap in the experimental assemblies prior to the final joining
operation had variation modes present. Additionally, the assembled components had
shape variabilities that were a consequence of the manufacturing process - despite
being assembled in a controlled situation. All these variations contribute to the final
geometry after the weld sequences are performed. Figure 8.22 illustrates an instance
of the ideal compared to the actual geometric difference.
Figure 8.22: Overlay of prior simulation and digitised component geometry from the
experimental study.
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8.2.4 Summary
While trends of sequence dependence were observed within the data, the dominant
variation of twist did not appear as significant as it did in the simulation results.
The initial simulation also had another specific limitation. In particular, plastic
deformation was not considered; however, it was visually noticeable on clamping
the eight millimeter components in the experimental study. Furthermore, the
geometry of the components did not adequately represent the modified design used
in the experimental study. These aspects are address in the next section (Section 8.3)
through a revised simulation approach.
8.3 Simulating with pre-assembly experimental data
Despite the efforts to mitigate variabilities other than those intended, analysis of the
pre-assembly results showed variations in the designed gap and the overall
geometry. These other forms of variability are a consequence of many factors,
including: material; prior bending operations in constructing each of assembly
components; and, potentially, the influence of prior joining sequences. Although
gap variabilities were used to group the assemblies before the final assembly
operation, they were not considered in the initial simulations nor were other shape
variations. Furthermore, as mentioned in Section 3.4, geometric changes were made
to allow manufacture of the assembly for the experimental study. Consequently, its
structural properties were altered. Based on these factors, and the divergence in the
twist results between the initial simulations and the experimental results, a revised
simulation was executed that more accurately represented the experimental
conditions.
The improved simulation was achieved through three changes over the prior
simulation work.
1. Multi-component geometric design, as developed for manufacture and
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execution of the experimental study.
2. Mesh morphing to replicate the geometric error of the components the
experimental study was executed on.
3. Join plasticity elongation estimation method.
The primary purpose of this study is to determine if the factors discussed in
Section 8.2.3 have the ability to mask, or limit, the observed inducing ability in the
simulations, or if there are other factors that may be causing this effect.
8.3.1 Finite element methodology
Simulations of all experimentally performed assemblies were executed. Each
component was distorted to the geometry taken from the experimental
measurement data. To incorporate the measurement information into the simulation
model, the FE mesh of the top surface was distorted to replicate the pre-assembly
geometry. This was achieved by morphing the geometry to a set of key points taken
from the measurement data, resulting in the distorted FE mesh as illustrated in
Figure 8.23.
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Figure 8.23: Example of a distorted Finite element model generated utilising scanned
data. Colours illustrate deviation from intended design, with red representing
greatest and blue closest to nominal.
The components were then located according to the fixture, the joining sequence
performed, and the measurements were made at the same location to those taken in
the experimental study, as shown in Figure 8.24. The same measurement
interpolation technique used to extract the specific experimental measurement data
was repeated on these simulations and used for analysis.
Figure 8.24: Experimental measurement points projected onto a simulated geometry
with 10x magnitude deformation.
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The joining method was also altered to replicate the observations made during
assembly. Where joins were made and a high joining force was applied, the localised
melting of the metal that occurred was under tensile extension due to the stiffness
of the structure. Consequently, when the welds were performed, incomplete closure
occurred in some of the welds - particularly those in close proximity to the stiffer
corner areas. This effect was replicated in the simulation by using a field variable
for the tensile stiffness of the weld. In the simulation, a lower stiffness was set
during clamping and join activation, but was increased upon release and therefore
would effectively be rigid during later joining operations. This procedure aimed at
replicating the solidification of the weld nugget when cooling.
8.3.2 Results analysis
The extracted patterns across all the repeated simulations are illustrated in Figure
8.25. In this case the first two patterns are a function of the designed gap variability,
and the change in the nominal point information used for projection. Since the gap
in the components varied, slightly different points were extracted vertically from
the measurement data, this was accomplished by shifting the measurements points
vertically to be evenly placed along the inner wall of the component. However, as a
consequence, when PCA is performed it is identified as another source of variation.
Therefore, in this analysis, the first two principal components are a function of the
design and can ignored.
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(a) (b)
(c) (d)
(e) (f)
(g) (h)
Figure 8.25: Extracted variation modes across all revised simulated studies. (a) Mode
1, (b) Mode 2, (c) Mode 3, (d) Mode 4, (e) Mode 5, (f) Mode 6, (g) Mode 7 and (h)
Mode 8.
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However, unlike the earlier simulations where induced twist was the next most
dominant variation, the induced twist was the sixth variation mode. In these
simulations the twist accounted for 10.6 per cent of the final variation once the first
two modes were not considered. When the first principal component as a measure
of the input gap variation is plotted against the sixth (twist), there is no strong
relation to sequence, as was observed in the initial simulation (Figure 8.26). The
reasoning behind this divergence in results will be discussed further in the next
section (Section 8.3.3).
Figure 8.26: Mapping of both the first and sixth principal component coefficient
illustrating the loss of relationship to sequence when new revised simulations were
performed.
8.3.3 Discussion
The influence of different weld sequences can be identified in both the experimental
and initial simulation based results; however, there were also differences identified
between the experimental measurements and these simulations. In particular, the
ability to induce, or, preferably, not induce the twist variation mode, was only
minimally observed. To understand this better, a revised simulation that better
modelled the incoming component geometry and the joining operation was used to
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further understand the influence of the joining sequence and attempt to replicate
the observed behavior in the experimental study. The consequences in the change of
the input geometry, and the modification for plastic weld behaviour will form the
topics of this discussion.
8.3.3.1 Geometry modification
In these revised simulations the minor changes in the geometry were accommodated
for in an attempt to observe the same behaviour as the experimental trials. By altering
the input geometry in a number of ways, which were a function of the manufacturing
process, there were new extracted variation patterns that became more dominant
than the induced twist variation mode. An example of one of these patterns is mode
three, which appears as a slope of the joined edge in relation to the top surface (see
Figure 8.25 (c)).
The influence of these new input variations has the potential to significantly alter
if twist is induced for the designed geometry. The idealised geometry developed for
this work has a series of ninety degree bends as part of the design, and relies on
symmetry of the structure and consistency along each edge. When these geometric
properties are not present and the joining gap is closed, the geometry becomes locked
together in a more resistent geometry form. Although the induced stresses may still
be present, their ability to influence the geometric spring-back is limited. A two
dimensional illustration of this is presented in Figure 8.27 by considering a rectangle
and a trapezoid based on their ability to shear, which would result in the twist as
observed in the initial simulations. The irregular trapezoid representing the non-
uniform gap geometry which will be closed.
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Figure 8.27: Ability of a perfect rectangle to shear in comparison to a trapezoidal
geometry. (a) Initial rectangle, (b) Sheared rectangle, (c) Initial irregular trapezoid,
and (d) Sheared irregular trapezoid.
Since these forms of variation were uncontrolled they go towards explaining the
divergence of the experimental trials and the reduced levels of spring-back in the
resulting geometry.
8.3.3.2 Plasticity in weld behaviour
The second aspect implemented into the revised simulations is the change to the
weld behaviour. This addition of the pseudo-plasticity join behaviour effects the
resulting gap in areas of high weld gun closure efforts. Preliminary simulations on
ideal components showed this influence of closure, particularly at the corner joins,
to significantly influence the built-up stress and resulting spring-back. The eight
millimeter components are influenced the most significantly because of this. The
ability of plasticity in the join connection to influence dimensional variation in
assemblies has been noted before by Moos and Vezzetti (2013). Moos and Vezzetti’s
work (2013) showed that plasticisation can significantly change the available
spring-back energy.
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The amount of gap opening at the critical corner joins is a function of closure
efforts, which will vary depending on the gap at that point in time and the local
stiffness. The stiffness at the join is a function of the initial geometry and all prior
operations, which will be influenced by the build-up of stresses.
8.3.3.3 Discussion summary
When all the additionally modeled factors combine, it is not surprising that the
observed inducing ability is diminished. The initial idealised geometry is a
significant factor in the sensitivity to joining sequence. Although when the gap
variability is kept consistent the sequence can induce the twist mode, this ability is
highly sensitive to the uncontrolled variations as discussed in Section 8.3.3.1.
However, many industry designs on production vehicles will not suffer from this
sensitivity. This is because the constituent stamped panels will not exhibit variations
in the same manner. Consequently, the observed inducing ability of non-ideal
sequences would have a similar inducing influence on production panels; however,
further validation in a production environment on complex geometries is required.
8.4 Chapter summary
This chapter showed that the sequence dependence is observable in a practical
context. While the experimental results did not reproduce exactly the same results
as the simulations initially, there were observable trends. When the multivariate
case was considered the results became more difficult to interpret; however,
groupings from the influence of different weld sequences were observable. These
groupings occurred at differing gap levels when a group analysis was performed.
The primary cause of deviation between the simulation and experimental results
is the uncontrolled input variation patterns. This was present in two forms,
variability in the input inducing variation mode - gap, and other suppression
variation modes that impact the shifts and alter the general behavior during
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assembly. This was confirmed by a more detailed simulation that utilised the
pre-assembly scan data to create the input shape variations.
Chapter 9
Discussion
The focus of this chapter is the wider implications of the findings of this research. In
this thesis, a higher dimensional idealisation was developed that allows more
detailed understanding and extrapolation of the influences observed from joining
process sequencing. This study investigated the sequencing problem on a closed
form geometry - where existing guidelines from research cannot be applied.
Consequently, an understanding of the joining process on complex geometries has
been developed by combining the results from this geometry with the significant
factors in a lower dimensional model. An overview of the assembly process and
place of the chapter findings is initially provided. While these addresses the specific
objectives and aim of this research, there are further implications to this work that
will then be discussed, along with future research directions.
9.1 A view of the assembly process
The major findings of this works centre around four aspects of the assembly
process: component design, input and output variations, sequence selection and
process modelling. These will be discussed here with reference to the assembly
process by considering the deformation work input during assembly.
When a deformed component is clamped and brought to the fixture’s datum
locations, a necessary amount of work is input into the component to restrain it.
The closer these points are to the fixture datum locations, the less the input work.
This also occurs when each joining operation is performed. Logically, the greater
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the input work, the greater the potential stored energy and possible spring-back
when the component is released. By reducing input work, then a potential reduction
in component spring-back and assembly variation will occur. An example of this
effect can be observed when comparing the best, most robust and poorest joining
sequences. The trend observed for the best sequence began at the join with the
greatest deformation that could be brought to nominal with the least effort. Whereas
for the robust sequences, these began at the locations closest to the rigid fixture
datums. The poorest sequences may also begin at the areas of greatest deformation,
but they do not bring both sides of the component to the nominal join location.
By considering the most robust sequences in terms of input work, it is clear why
the sequence/sequences performed well. Since the clamped datum locations are
already at nominal, then any nearby join will already be close to its desired position.
Although there may be a greater force required to close the gap compared to other
locations, it is over a reduced distance. Consequently, there is a potentially lower
amount of energy put into the components through deformation based input work
to close that gap.
The robust sequence synthesis approach of fixed-to-free is a consequence of the
geometric covariance of the sheet metal component. Regardless of the input
deformation, when clamped there are positions of the sheet at nominal and these
diverge slowly away from the clamped datum areas. Therefore, it is reasonable to
assume that the join at a location with the next highest stiffness along an edge will
then be the next join closest to nominal. This can then be further extrapolated across
an entire component with multiple join areas, where the next join is just at a
location that has a high stiffness due to its proximity to other clamps and joins,
thereby resulting in a smaller gap and minimising the possible input work.
Although the potential for a better sequence then fixed-to-free exists, it will
depend on the input variation. In (Wärmefjord et al., 2010b) work, the sensitivity
and relative sensitivity approaches were proposed as optimal sequences. Their
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presented sensitivity methods would closely follow a principal of minimising input
work if applied to a known initial deformation. However, these approaches were
applied to nominal geometry as a method of sequence synthesis, and, therefore, do
not necessarily provide the optimal sequence.
Depending on geometry type, the desired sequence may vary between free-to-
fixed and fixed-to-free. However, in practice, most geometries would adhere to the
class of more complex geometry which follows the fixed-to-free methodology. A
parallel here can be made to the work of (Liu and Hu, 1997a), where different joint
configurations were compared. For a lap-joint, it was shown that variation control
is largely tooling dictated. In the work in this thesis, although tooling variation was
not studied, there was a reduced influence of joining sequence in comparison to the
polygon geometry, and the preference was for free-to-fixed. The polygon geometry
shared greater similarities with the butt and butt-lap joint configurations, both of
which are gap controlled and therefore influenced more strongly by the assembly
process sequence. For the complete three dimensional structure, it is a gap in a
butt-lap joint being the primary join and input variation.
The input variation can be thought of with this same reference to the impact of the
joint design on variability propagation. In this way, the ability of an input variation
to influence output variation depends on the conformance of the joined locations
to the ideal positions when the component is clamped into the fixture. Variations
such as twist, or other similar modal patterns, get significantly clamped out when
the fixture strategy is appropriate. However, gap variation across all joint locations
are not eliminated, and consequently the sequence can have a significant impact on
spring-back variation once released. The amount of spring-back is dependent on
the internal stresses that are built throughout the assembly process. The need to
incorporate internal stress build-up during modelling increases as the stiffness of the
components decreases, or the degree of over constraint increases. An increase in the
over constraint of the component occurs when a greater number of datum elements
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are used in the datum strategy to constrain the component(s) while being assembled.
An increase in the stored energy for spring-back can then occur because it is not
completely released during each individual join operation, but rather is built up and
stored. Some of this energy results in spring-back, the rest continuing to reside as
stored internal energy in the components after release.
Reducing this possible spring-back energy is the primary goal of finding a
robust sequence. The less spring-back occurs, the closer the assembly will be to the
fixture datums when released and the greater the conformance of the assembly. If
the component does spring-back, the sequence would have induced a variation
pattern. As opposed to prior discussed work on sequence synthesis, which have
looked at minimising variability on the assembly, from this work it is possible to see
there are two types of variations to consider: variations that need to be suppressed
and variations that need to have their potential detrimental impact limited.
The significance of the spring-back depends on the function of the assembly
during its use in the next operation. In many cases, the completed assembly is used
as a sub-assembly and will be re-clamped into another fixture for further assembly.
When the assembly is part of a larger sub-assembly, spring-back variation may be
less significant because the re-clamping can force the component back to the desired
position. However, if the spring-back influences the end use and function of the
component, then the spring-back variability can be more important to consider. An
example of this type of assembly is a closure assembly, as presented in Chapter 4.
In this thesis, the released geometry of the closure assembly was used to study the
geometric effects of joining sequence because of the direct function of the assembly.
These free-state measurements are not commonly performed in industry, but have
the potential to offer a better replication of the end function of the assembly. A
form of datum referencing is still required for consistent measurement; the pin, slot
and resting on the datum locations was used in in this work. Depending on the end
function of the final assembly, a measurement approach that better replicated the next
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operation could be performed. By considering the input deformation work of the
complete assembly process, a broader picture of the interactions between the findings
of this thesis can be established. This picture is centred on the four aspect areas
of component design, input and output variations, sequence selection and process
modelling. At the core of these interactions is the assembly process which couples
together every operation through the covariant sheet metal component(s).
9.2 Further implications of this work
9.2.1 Industry terminology
In this thesis, the term weld sequence has been avoided; instead the generic term
joining operation sequence has been used. The reasons behind this are two fold. In
this work, the model was developed to the point where the impact of the sequence
is known to have an influence. Component stress history, geometric and contact
based non-linearities were all considered, while thermal influences were not. This
was a deliberate development to broaden the potential application of this work and
to not let the analysis be a function of the specific joining operation. The second and
most significant reason for this use of terminology comes in the future use of this
work. Industry has recently seen a significant push to alternate joining operations
that offer higher strength, greater repeatability and significant improvements when
dissimilar materials are used. The most notable technique here is the use of self-
piercing rivets. Self piercing rivets have already replaced standard RSW techniques
on some production assemblies. By aligning the terminology used here in such a way,
it is hoped that the work itself will not be as easily over-looked if similar geometric
production issues occur in the future.
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9.2.2 Technology transfer
In a production situation, sequences are defined by the product development or
launch teams, often with either little scientific justification, or the approach is based
on prior production operations. This is largely due to the complexity of the
sequencing based problems, which is compounded by the influence of the
component variations. However, in this work it was shown that these component
variabilities can, for the purpose of determining a reasonable joining operation
sequence, be disregarded. This is in contrast to optimal sequence selection, where
the input variation must be considered. At early stages of production, this is often
not possible and production systems can still go live while changes are being made
to fine tune the process given the unknown variations. The approach developed in
this thesis can allow product design and production engineers to create a robust
solution from the outset. It would also allow the production process to be revisited
if issues were to arise at a later point.
An important point that should be considered here is the technology transfer that
should result from the works in this thesis. To attain the maximum possible benefit
from this work, a simple step-by-step process must be available to the product design
and production engineers regarding the steps to obtain a suitable sequence. The
algorithm developed in this thesis provides this tool, by allowing determination of
a sequence without complex genetic algorithms and optimisation procedures. For
lower numbers of joins, the algorithm can be performed through manual execution
and analysis of frequency based information. Although efforts have been made to
generalise this work, it can still be a difficult task to practically implement these
methods for consistent use.
Adoption of such methods will require a number of industrial trials to further
validate the work. For such a process to be effective, a number of production
assemblies need to be identified. These assemblies should be of a variety of
different geometric designs and fixture boundary conditions. The use of alternative
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joining technologies would also be of significant benefit for testing the algorithm
developed in this thesis. Ideally, existing production engineers should implement
the methods from this thesis in the testing stages. This would aid the production
engineers to develop an awareness of the techniques and allow them to identify any
technical issues or points that require further clarification.
9.2.3 Vehicle safety ratings
A significant benefit of using the joining operation sequences to control production
variability lies within automotive safety standards; in particular, the crash test safety
ratings of vehicles. Once a vehicle has been tested and has achieved a safety rating,
the vehicle design can no longer be altered. Consequently, attempts to alter the
joining locations to control production variability, as proposed by some researchers,
are not valid once the vehicle has been crash tested and certified. While
re-evaluation of the testing can be considered, it would usually incur significant
expenses that can outweigh the potential benefit. However, altering the joining
process sequence requires no re-evaluation and there are significant advantages in
controlling production variability.
9.3 Future research directions
In the previous section the wider implications of the key contributions of this thesis
were outlined; however, this discussion has raised a number of questions that warrant
further research. These possible research directions are detailed in the three sections
below on industrial assessment and algorithm development (Section 9.3.1), functional
variation sequence synthesis (Section 9.3.2 and evolvable assembly systems (Section
9.3.3).
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9.3.1 Industrial assessment and algorithm development
A key area warranting further research from this work is the application to
production assemblies. The purpose behind this is two fold: to identify the
effectiveness of the developed algorithm in improving assembly process robustness;
and to develop an understanding of other noise factors in the production process.
While the presented algorithm was shown to provide a robust solution to uniform
gap variability with the simulation, the influence was less pronounced in the
experimental trials. Further simulation based studies verified the importance of
considering these non-dominant variation modes as there can be a significant
impact on the resulting shape variability - as was observed in the experimental trials
(see Chapter 8). Consequently, non-dominant variations can not be dismissed when
identifying an ideal sequence, as there is the potential for the structure’s response to
alter.
The work from this thesis can also be further extended when applied to an
industrial situation by considering processing times. By minimising the movement
of the joining equipment the processing time can be minimised. This could be
achieved by weighting of the sequence algorithm against time, or distance between
joins, with less weight on the final quality. By balancing the options for minimal
frequency shift against travel time or distance, a robust sequence with an improved
cycle time may be possible.
9.3.2 Functional variation sequence synthesis
This work presents a sequence synthesis approach to minimise induced variations
(see Chapter 7), primarily twist. In some situations, twist may not be the functional
variation pattern of interest and, as such, identifying a sequence that seeks to change
the response of the structure to other output variations, that impact functionality
most significantly, would be beneficial.
The first step in achieving this would be the development of an appropriate
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measure to represent functional variability. This could be approached by analysing
the impact of the observed variations by mapping them to a function space where
key geometric requirements are considered, possibly interpreted from Geometric
Dimensioning & Tolerancing (GD&T) information. Functional variation assessment
would allow the variations of significance to be focused on, a key limitation of
current multivariate techniques involving PCA. A PCA based method may identify
a variation as dominant when in practice it attributes little to the functionality of the
component. This process could involve significant resource loss in attempting to
control a variation of lesser importance.
9.3.3 Evolvable assembly systems
There have been several prior works relating to evolvable assembly systems that
use dimensional control steps to provide feedback of the operation regarding the
dimensional quality (see Section 2.5.2). From here, decisions are made regarding any
changes to the assembly process. This additional measurement step is detrimental
to the process times in an industrial situation and consequently alternate methods
of evaluating quality would be preferable. From this work it was shown that an
important factor in the resulting dimensional output is related to the total energy
released after a join, or the spring-back energy (see Section 6.4.2). If the fixture
is considered to be at nominal, then holding the component in this position is most
desirable. If the input work during assembly is minimised, there is a smaller potential
for the component to spring-back when released. The total work of the process can
be considered as a desirable process variable to minimise.
If minimising the total input deformation work is the goal, then monitoring the
required forces in the joining operations is a reasonable approach to use to determine
a sequence for a particular variation pattern. The input work will build-up as stresses
in the component increase, and there is potential for spring-back to occur when
released. Monitoring of the forces and displacements to close join gaps and the
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fixture clamps could provide feedback for a live evolvable assembly system that is
continuously attempting to respond to component input variation changes.
This approach would eliminate the need for measurement steps; however, it does
not necessarily provide a definite improvement to output variation since the amount
of residual stresses after release of the component will be unknown. Because the
residual stresses are unknown, it is not necessarily possible to completely minimise
the dimensional spring-back. However, the approach does offer a unique opportunity
to potentially control process variability.
9.4 Chapter summary
This chapter has presented a broad discussion of the individual aspects of this work
that combine together to answer the primary research question. This was achieved by
viewing the complete assembly process with respect to the total input work during
the assembly process, which allows the relationships between each of the aspects of
this work to be clearly understood. The place of this work in comparison to other
joining operation sequence synthesis approaches was also presented. The work in
this thesis has taken a developmental step in analysing the joining process for more
complex assemblies. Finally, the practical implications of implementing this work in
industry have been considered.
Chapter 10
Conclusion
This dissertation has approached the problem of joining process sequence selection in
a generalised manner. It has addressed the key research question (see Section 1.3.1)
using four objectives (see Section 1.3.2). The place of this work and the conclusions
that can be drawn from the analysis relating to these four objectives are presented in
this chapter.
10.1 Place of this work
Altering the joining process sequence is a simple method to reduce variability in the
compliant body assembly process. A number of works have looked at the topic
before; however, it was only recently that greater production and quality demands
in the automotive industry have seen an increased interest in the field. These prior
works were based on a specific physical principal that illustrate the sequence
dependance observed in the assembly process. None of these prior works have
considered a combination of these factors working together and their influence on
the production output, as highlighted in Section 2.7 of the literature review. The
work in this thesis has filled the identified research gap, by extending the field in
three specific ways:
1. Process analysis was performed using a complex geometry class that is more
applicable to industrial cases.
2. The modelling techniques considered a number of factors in combination, not
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specific areas of the sequence dependance.
3. The focus of this work is on robustness, where the optimal sequence may not
be the most robust.
A comparison of where this work is placed in the field of joining process
sequencing for compliant bodies can be made by considering the modelling
assumptions made to develop the body of knowledge in this field. Specifically, this
can be segmented into three stages that are shown graphically in Figure 10.1.
Figure 10.1: Illustrative example of the relationship between modelling complexity
and analysis accuracy placing this work in comparison to other works.
Stage one represents the existing work, where simplified models are used on
specific cases. Most of the work in this stage considers linear assumptions, although
contact non-linearities are still considered in this stage. Stage two represents the
place of this work. Through the three additions to the field listed above, this work
has extended to the next stage of understanding of the process of joining process
sequence. The primary research question of this work of how can joining process
sequencing be used can now be answered. A broader understanding of the input
variables, including physical design, variability, and an analysis using robustness
has allowed this development.
The third stage relates to the more advanced development of models that can
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ordinarily be considered application specific. In this thesis, joining process
sequencing has been deliberately kept as a broad topic to encompass either
Resistive Spot Weld, self piercing rivets, or any other future point joining
technology. However, as was observed in Chapter 8 for RSW, localised yielding of
the material can occur and elongation in the weld nugget results in dimensional
changes. This is an example of the modelling developments that are required to
understand the next stage of development. Another example relates to the localised
deformation induced by self piercing rivets. However, these are specific to the
joining technology, and, with the exception of the simplification of weld nugget
elongation implemented in Chapter 8, are generally not considered here. This stage
represents the future directions of the field through the incorporation of joining
technique specific phenomena.
10.2 Contributions of this work
Through the process of answering the objectives of this thesis that address the
research gap (Section 2.7), a number of significant contributions were identified.
These contributions have both academic and industrial relevance that are
summarised here according to each of the objectives of this work:
Objective 1. Developing a geometry class to represent complex compliant
assemblies.
1. This study investigates the influence of joining process sequencing on closed
form geometry - where existing guidelines from research cannot be applied.
2. The different sequencing synthesis approaches were compared and it was
shown that differences occur in the higher dimensional situation presented.
This offers an explanation as to why some researchers have observed the
previously developed guidelines to be inadequate.
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Objective 2. Demonstrating the interactions of process sequences and variations.
1. A broad method of classifying the input variation of the components is
presented. Using this basis, it is possible to identify when the joining process
has a significant influence.
2. It was shown, depending on input variation, that the joining process can induce
any number of output variation patterns.
3. It was found that certain modes will fail to occur together. Therefore, a
sequence that can induce a particular mode suppresses the occurrence of a
more undesirable mode.
4. It was found that variation and deviation in these style of problems are
correlated. When clamping sequence is also considered, it was found to
induce non-linear effects in this correlation.
5. When analysing patterns in larger groups of sequences, the resulting variation
patterns approach the set of naturally compliant modes.
Objective 3. Determine the criteria for optimal sequence selection.
1. The guidelines of fixed-to-free end were further generalised for complex
geometries. This resulted in the new method of most-to-least rigid
configuration, noting the importance of prior joining operations and fixture
configuration.
2. The significance of internal stress build-up in combination with more
commonly considered factors can alter the preferred sequence synthesis
approach.
3. The need to consider internal stresses increases as the stiffness of the structure
decreases.
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4. The need to consider internal stresses also increases as the degree of over
restraint of the component when clamped increases.
5. If a monotonic response of the output variation is expected, then only one
analysis point is required for sequence comparison when the robustness, or
total variation, is analysed of a [0,x] domain.
Objective 4. Developing a method for the rapid identification of robust sequences.
1. By analysing the natural frequency shift of the structure that occurs when
successive joining operations are made, a novel method of calculating a robust
weld sequence is presented. This technique requires no knowledge of the part
deformations, only the component geometry, fixture configuration and weld
locations.
10.3 Future research
In Section 9.3 the future directions of this research based on the implications of this
work were presented. These are based on the following three aspects, as presented
in Section 9.3.
1. Industrial assessment and algorithm development using known physical
assembly properties to improve production times (Section 9.3.1).
2. Functional variation sequence synthesis by assessing functional impact of the
variation patterns and selecting a sequence that best controls these critical
functional variations (Section 9.3.2).
3. Evolvable assembly systems that utilise the input work and holding forces to
optimise the sequence operations and minimise potential spring-back of the
component (Section 9.3.3). The approach negating the need for the additional
measurement step for process feedback.
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10.4 Final remarks
In answering the key research question of this work, four objectives were developed.
Each of these four objectives aimed to develop an understanding of a particular
component of the key research question. The research question was investigated
using a more complex geometry class for analysis of sequence dependence than had
previously been used. This was achieved by developing a closed-open loop
structure similar to that observed around a window opening in closure assembly.
The added complexity of this geometry class allowed for deeper investigation of the
response of the structure to process sequences - specifically where the influence of a
join can work around the structure and back to the initial location. The interactions
of the process sequences and variations were successfully demonstrated through
computational simulations and experimental studies. Using the knowledge gained
from the three dimensional simulations, a two dimensional model was developed.
This model allowed the influence of several common sequence synthesis approaches
to be compared by incorporating more factors than had been in prior works without
the complexity of a three dimensional simulation. This resulted in a a new set of
joining sequence guidelines that order the joins from the most-to-least rigid area -
taking specific notice of the clamping and prior joins as boundary conditions. These
guidelines then formed the basis for a new formalised method for rapid
identification of a robust joining sequence synthesis which was developed.
The results from these objectives allow this work to answer the key research
question.
How can joining process sequencing be applied effectively to control
deformations and minimise dimensional variation during assembly of complex
non-ideal compliant components?
The effectiveness of joining process sequence will initially depend on the
incoming variations. A joining sequence then has the ability to either suppress
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existing variations or induce a new variation mode. Minimising the induced
variability can be achieved by ordering the joining sequence from the most to least
stiff regions of the joined assembly. A generalised loop structure was developed to
answer the research question; this structure goes beyond the one and two
dimensional situations previously researched and most importantly illustrates an
extreme of the joining sequence problem for geometry classes. In practice, other
geometries between the effectively two dimensional and the three dimensional class
presented here could also benefit from the results of this work. A structure might
not form a complete loop but may be two larger panels that are joined in parallel,
representing an intermediate case that prior sequence synthesis approaches have
not been effective in reducing variability on.
The work presented here can be developed further in production situations at
minimal risk and cost to the manufacturer. Furthermore, the identified implications
of this work have highlighted several unique opportunities and directions for the
future of dimensional control and monitoring of compliant assemblies.
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Appendix A
Simulation creation and analysis
procedure
Throughout this work a large number of variants of the same simulation were
performed, generating approximately one terra-byte (TB) of data. Although much
of this information was not required, such as intermediate step operations during
the assembly process, it was nevertheless stored for future reference. Due to this
quantity of data, and the number of simulations executed, it was not feasible to
manually create and extract the relevant information for every simulation. To
handle this task a number of programs were written within Matlab for the tasks of
input deck creation and data processing, which were combined with interface calls
to python scripts and batch commands for executing simulations. Detailed here is
the general creation procedure, execution procedure and general analysis procedure
for these simulation. The precise details and code executed varied depending on the
simulations that were being performed, the procedures shown here are illustrated
as a guide for the process flow and to inform any future work.
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A.1 Creation of simulation files
For each simulation a set component of code existed throughout the simulations;
however, depending on the required input geometry and sequence of operations
there were portions of the code that varied. To handle this task a Matlab program
was written that begins by creating files for the appropriate geometry variations of
the assembly, and separate files for the sequence based operations. These are then
processed into a file structure relevant to the geometry and sequence operations
being performed. The creation procedure is outlined in Figure A.1.
Figure A.1: Procedure used to create the simulation input decks in the respective
simulation folder.
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A.2 Execution of simulations
With hundreds of simulation in total to execute, like the creation procedure the
execution procedure was automated. Due to the use of the implicit solver and
significant contact interactions in the simulation the problem does not partition well
for multi-core execution. Consequently, there is little benefit from the addition of
simulations across extra cores - in some cases this can be more detrimental due to
the required processing to partition the problem. As a result, these simulation were
performed on a single core each. Given the commonality of multi-core computers, a
load balancing system of batch files were created to maintain a consistent number of
simulations and minimise the real time spent simulating, while also automating the
complete execution procedure. This procedure is illustrated in Figure A.2.
Figure A.2: Procedural flow for the continuous execution of simulation on a given
quantity of processing cores.
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A.3 Processing of simulation data
Extraction of the relevant information from the ABAQUS generated output
databases can not be done directly from Matlab. The only available method to
access and extract all simulation requested output information from the output
database is through a python script. This is the procedure used by all
post-processing software when communicating to ABAQUS database files.
Therefore, for this work, a python script was written to communicate and extract
the final released geometry of the component and save the contents to a text file that
was structured as a comma separated values format (.csv). These calls were made to
the dos command prompt from within Matlab while it was processing through the
list of simulations for analysis. The complete procedure is illustrated in Figure A.3.
Figure A.3: Data extraction and processing procedure for the analysis of the
simulation database files.
Appendix B
Experimental program
B.1 Fixture layout and access position of weld gun
The layout of weld positions on the designed fixture is represented in Figure B.1. The
positions the spot weld gun must be set to in order to access the desired weld are
listed in Table B.1.
Figure B.1: Positions of each spot weld on the fixture. Illustration also indicated the
positions and numbering used in the simulated trials.
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Table B.1: Access positions of spot weld gun for the relevant weld on the fixture.
B.2 Sequence information
• Sequence 14: 16, 4, 7, 3, 19, 15, 11, 2, 22, 5, 17, 18, 13, 23, 6, 20, 10, 12, 8, 24, 9,
14, 21, 1
• Sequence 25: 3, 15, 10, 21, 1, 13, 12, 11, 9, 8, 7, 6, 5, 4, 2, 24, 23, 22, 20, 19, 18, 17,
16, 14
• Sequence 31: 13, 24, 12, 1, 11, 14, 2, 23, 10, 9, 8, 7, 6, 5, 3, 4, 15, 16, 17, 18, 19, 20,
22, 21
Appendix C
Industry quality process measures
C.1 Process capability
The ability of a process to produce output that meets the desired tolerances can be
determined using the capability indexes. These indexes come in a variety of forms
that all convey different information about the process abilities; they are also used
under different assumptions. The most common of these are defined as the Process
Capability (Cp), and the Process Capability Index Cpk Fowlkes and Creveling (1995).
Cp =
USL− LSL
6σ
(C.1)
The process capability relates the allowable tolerance band to the six-sigma value
of variability. A value greater than one signifies the process variability of six-sigma
fits within the tolerance band. In practice target values of 1.3 or greater are commonly
used to accommodate for process shift.
Although the process capability provides a reference for variation, it conveys no
information regarding the proximity to the target process value. For this purpose the
process capability index is used.
Cpk =
Minimum(USL− µt, LSL− µt)
3σ
(C.2)
These two measures become equal as the process becomes centred, as the process
drifts from nominal Cpk becomes smaller than Cp.
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C.2 Process performance
In process improvement efforts, the process performance index is an estimate of the
process capability of a process during its initial set-up, before it has been brought into
a state of statistical control. Similar to Cp the process performance Pp is a measure of
the spread of a process in meeting its target variation limits. The Pp value uses the
standard deviation of all data rather than an estimate.
Pp =
USL− LSL
6σ
(C.3)
As a measure for of proximity to the target value there is the process performance
index.
Ppk =
Minimum(USL− µt, LSL− µt)
3σ
(C.4)
Appendix D
Mathematical procedures
D.1 Hausdorff distance
The Hausdorff distance is a measure of distance between two subsets. The measure
is the greatest distance of all possible distances from a point in one set to the closest
point in the other set. For two metric subspaces A and B the Hausdorff distance can
be expressed by Equation
dH(A, B) = max
{
sup
a∈A
inf
b∈B
d(a, b), sup
b∈B
inf
a∈A
d(a, b)
}
(D.1)
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Appendix E
Beam sequencing complete results
Table E.1: Sequence robustness evaluation for the cantilever geometry, ranked
according to their ability to reduce variation
Sequence Variation 1 Variation 2 Variation 3 Sum
4-1-3-2 3.96 0.31 1.44 5.71
4-3-1-2 4.01 0.51 1.57 6.09
4-3-2-1 4.01 0.53 1.59 6.13
4-2-3-1 4.02 1.07 1.38 6.47
4-2-1-3 4.02 1.07 1.38 6.47
4-1-2-3 4 1.61 1.52 7.13
1-4-3-2 4.45 0.11 3.62 8.17
1-4-2-3 4.47 0.78 3.28 8.53
2-3-1-4 4.74 0.04 4.76 9.54
2-1-3-4 4.75 0.04 4.76 9.54
2-3-4-1 4.74 0.04 4.78 9.56
1-2-3-4 4.76 0.18 4.73 9.67
1-3-2-4 4.61 0.61 4.56 9.78
1-3-4-2 4.61 0.64 4.59 9.83
1-2-4-3 4.79 0.25 5.12 10.16
2-4-1-3 4.79 0.66 5.46 10.91
2-1-4-3 4.79 0.67 5.46 10.91
2-4-3-1 4.79 0.67 5.49 10.94
3-1-2-4 4.43 2.2 4.34 10.96
3-1-4-2 4.43 2.24 4.35 11.02
3-4-1-2 4.43 2.24 4.35 11.03
3-2-1-4 4.45 2.18 4.56 11.19
3-2-4-1 4.45 2.22 4.58 11.25
3-4-2-1 4.45 2.23 4.58 11.25
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Table E.2: Sequence robustness evaluation for the polygon geometry, ranked
according to their ability to reduce variation
Sequence Variation 1 Variation 2 Variation 3 Sum
4-3-2-1 8.22 0.48 7.53 16.23
1-4-2-3 7.57 2.14 8.55 18.26
1-2-4-3 7.56 2.14 8.67 18.37
4-1-2-3 7.88 2.17 8.58 18.62
1-2-3-4 8.2 4.13 7.53 19.86
4-1-3-2 7.68 4.84 8.55 21.08
4-3-1-2 7.69 4.84 8.66 21.19
1-4-3-2 8.05 4.83 8.6 21.47
1-3-2-4 12.8 3.8 9.59 26.19
3-2-4-1 14.32 2.03 11.07 27.42
3-4-2-1 14.34 2.05 11.07 27.46
3-1-2-4 12.97 4.28 11.67 28.92
4-2-3-1 13.79 4.51 10.65 28.96
1-3-4-2 12.83 5.19 11.22 29.24
3-2-1-4 14.52 4.82 10.68 30.02
3-1-4-2 13.07 5.58 13.28 31.93
3-4-1-2 13.09 5.58 13.29 31.96
2-4-3-1 13.92 7.43 10.7 32.04
4-2-1-3 14.07 5.84 12.3 32.22
2-3-4-1 14.45 7.27 10.91 32.63
2-3-1-4 16.06 7.94 10.91 34.91
2-1-3-4 16.23 7.94 10.93 35.1
2-4-1-3 14.24 9.16 12.22 35.62
2-1-4-3 14.27 9.18 12.21 35.66
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(a)
(b)
Figure E.1: Mapping curve (a) and mapping curve derivative (b) for the first variation
mode used in the six join clamped polygon geometry.
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(a)
(b)
Figure E.2: Mapping curve (a) and mapping curve derivative (b) for the second
variation mode used in the six join clamped polygon geometry.
